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SUMMARY
This thesis consists of twenty-eight published papers that have appeared during the 
period 1987-1994, together with two specially composed sections. The subject of the work 
is "Magnetism andMagnetoelasticity in Soft Amorphous Ferromagnets".
The papers are arranged thematically into five sections. The first section contains 
reviews and domain models that set the context for the work as a whole. The two reviews 
cover magnetomechanical measurements of soft amorphous materials, and amorphous wires 
and their applications. The domain models relate specifically to field-annealed amorphous 
ribbons, in which the domain structure is particularly well defined. The results have been 
applied more generally to uniaxial systems, including amorphous wires.
The second section covers measuring techniques that have been developed by the 
author and his colleagues for use with amorphous ribbons and wires. These are for 
measuring dc magnetization curves, engineering magnetostriction, shear modulus and 
internal friction, and the field dependence of Young's modulus to high resolution.
The remaining sections cover the detailed applications of the theoretical and 
experimental methods described in the first two sections. These are magnetostriction, 
magnetomechanical effects (AE effect, AG effect and magnetomechanical damping), and 
shear-wave magnetometry (a method of measuring low magnetic fields based on the AG 
effect and ultrasonic wave propagation in amorphous ribbons).
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REVIEW ARTICLE
Magnetomechanical measurements of 
magnetically soft amorphous materials
P T Squire
School of Physics, University of Bath, Bath BA2 7AY, UK
R eceived 7 April 1993, in final form 14 S e p te m b e r 1993, a cc e p te d  for publication
18 O c tober 1993
A b s tra c t .  A m orphous m ateria ls in th e  form of ribbons, w ires and  thin films require 
spec ia l c a re  to  b e  taken  in m easu rem en ts  of m agnetostric tion , the  field d e p e n d e n c e  of 
e la stic  moduli and  the m agnetom echan ical coup ling  factor. P rob lem s a rise  in th e se  
m easu rem en ts  b e c a u se  of th e  sam ple  g eo m etry  and , in so m e  c a se s , b e ca u se  of th e  low 
an iso tropy  com m only found in am orphous fe rrom agnetic  m ateria ls. This p ap er d e sc r ib e s  
th e  m e th o d s  th a t have b een  ad ap ted  or d e s ig n ed  to  m easu re  th e  main 
m agnetom echan ical p ro p e rties  of m agnetically  so ft, am o rp h o u s alloys of Fe, Co an d  Ni, 
in th e  th ree  form s generally available: ribbons typically  2 0 -5 0  /mi thick an d  1 -2 5  mm 
wide; w ires typically 3 0 -130  /mi in diam eter; an d  films 0 .0 1 -1 0  /mi thick, d ep o sited  on 
su b s tra te s  2 5 -250  /mi thick. The m ethods a re  d e sc rib e d  in sufficient detail, su p p o rte d  by 
num erous re ferences, to  en ab le  read ers  to  m ake  a  critical cho ice  b e tw een  them , tak ing  
into acc o u n t such  th ings a s  th e  tem pera tu re  range , sensitivity  and  geom etry .
M agnetostriction  m easu rem en ts  are  c lassified  a s  direct o r indirect, d ep en d in g  on 
w hether th e  strain  is m easu red  directly or th e  m agnetostric tion  is d e d u ce d  from a 
m easu rem en t of som e o th e r p ro p e rty  d e p en d e n t upon  strain . Direct m e th o d s en ab le  th e  
m agnetostrictive  strain  to  b e  m easu red  a s  a  function  of app lied  field— th e  so-called  
engineering magnetostriction-, indirect m e th o d s a re  su itab le  for m easuring  only th e  
satu ration  m agnetostriction . The direct m e th o d s covered  a re  th e  strain  gau g e , th ree - 
term inal and  cantilever c ap a c ita n ce  d ilatom etry, optical m e th o d s  an d  th e  tunnelling tip 
m ethod. Indirect m ethods include the  sm all-angle m agnetization  ro tation  (s a m r ) m ethod , 
suscep tib ility  m easu rem en ts , th e  W iedem ann e ffec t an d  stra in -m odu la ted  fe rrom agnetic  
re so n an ce  ( s m f m r ).
The m ethods d e sc rib ed  for m easuring  th e  field d e p e n d e n c e  of Y oung’s m odulus (the  
AE effect) and  m agnetom echan ical coupling fac to r k a re  th e  re so n an c e -a n tire so n a n c e  
m ethod, including the  u se  of th e  im pedance  o r ad m ittan ce  circle, th e  vibrating reed  
m ethod  and  u ltrasonic w ave velocity m ethods. The u se  of a  torsional pendulum  for 
m easuring  th e  sh ea r m odulus an d  internal friction is a lso  d esc rib ed .
1. In tr o d u c tio n
The magnetic properties of am orphous ribbons have 
been extensively studied for nearly a quarter of a century 
since their first production (Pond and M addin 1969). 
Several reviews of their magnetic properties have been 
published over this period (for example, Luborsky
(1983), O ’Handley (1987) and Zolotukhin and Kalinin 
(1990)). Much interest in these materials has been stim u­
lated by their rem arkable magnetomechanical proper­
ties. M agnetostriction of some tens of parts per million 
(ppm) combined with coercivities of less than 10 A m " 1 
and anisotropy constants of less than 100 J m ~3 give 
rise to many potential applications as field, stress and 
strain sensors, and as mechanical actuators. The review 
by Hernando et al (1988) gives an excellent account 
of sensing applications. More recently, ferromagnetic 
am orphous wires have become available. These have 
been found to possess many of the attractive magnetic
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and magnetoelastic properties exhibited by amorphous 
ribbons; in addition they possess interesting bistable 
properties associated with their cylindrical geometry 
(Mohri et al 1990). A review of selected applications of 
amorphous wires has been given by Mohri (1987). In 
addition to these bulk forms, amorphous materials are 
widely prepared in the form of deposited thin films or 
multilayers (de Wit 1992). These are still in the early 
stages of development, but promise to offer magnetic 
properties unavailable in bulk materials (Smits 1992).
It might be assumed that the experimental methods 
used for other forms of magnetic material are equally 
suitable for amorphous materials. However, there are 
various factors that make this assumption unsafe. The 
most obvious difference between amorphous and con­
ventional magnetic samples is their shape. Conventional 
magnetic materials are usually available in bulk form 
with dimensions of at least several millimetres in any 
direction. Magnetically soft amorphous samples are usu­
ally limited either to ribbons, with thicknesses in the 
range 20-50 fim, to wires with diameters in the range 
30-130 jun, or to thin films with thicknesses between 
10 nm and 10 paa. on substrates that are commonly much 
thicker. The small cross section leads to small flux 
changes and induced emfs in inductive measurements of 
M  and B; although these are not a particular problem 
for AC measurements, DC measurements can be trouble­
some because of drift.
More serious difficulties can arise when measure­
ments of magnetomechanical properties are undertaken. 
The quantities of greatest interest are the saturation 
magnetostriction A,; the field-dependent magnetostrictive 
strain A,, sometimes called the engineering magnetostric­
tion; the magnetomechanical coupling parameter k; and 
the field-dependent elastic moduli, principally Young's 
modulus £ , and to a lesser extent the shear modulus G. 
The difficulties in making reliable measurements of these 
quantities are in part caused by the dimensional limi­
tations already mentioned; for instance, attachment of a 
strain gauge to a ribbon mechanically loads the sample 
to a significant extent, reducing the strain and distorting 
the shape. Less obvious is the effect of the adhesive used 
to bond the strain gauge; it was shown, for example, by 
Gibbs et al (1987) that the stresses set up by the adhesive 
can significantly affect the magnetostrictive strain of 
field-annealed amorphous ribbons by disturbing the 
moment distribution. The perturbing effects of mechan­
ical stress tend to be much more important for mag­
netically soft amorphous materials than for crystalline 
ferromagnetic materials, on account of their low ani­
sotropy. The characteristic feature of reliable measuring 
techniques for amorphous ribbons and wires is therefore 
control over the mechanical constraints that apply 
during a measurement.
It is the purpose of this review to describe and 
compare the methods that are currently available 
for measuring the magnetomechanical properties of 
amorphous ribbons and wires, namely magnetostriction, 
field-dependence of elastic moduli (so-called AE and AG 
effects), and magnetomechanical coupling constant k.
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The adaptation of these methods for use with thin films 
and multilayers will also be described.
2. Measurement of linear magnetostriction
2.1. Introduction
Linear magnetostriction is the fractional change in length 
of a sample when it is magnetized; in this paper the term 
engineering magnetostriction, introduced by Datta et al 
(1984) will be used to denote the ratio
Ae =  <5///. (1)
This is the measured strain for a particular value of 
applied field, measured in a specified direction with 
respect to the demagnetized state. Amorphous magnetic 
materials can be regarded as essentially uniaxial in their 
magnetic properties. In this case the strain is given by
Ae =  —~  (cos2 0f — COS2 0j) (2)
where 6, and 8{ are the initial and final angles between 
the moments and the applied field. The maximum strain 
occurs when all the magnetic moments rotate through 
90°, and is given by
Ae(max) =  3A./2. (3)
Magnetostriction measurements can be broadly 
classified as either direct or indirect. Direct measurements 
are those in which a dimensional change or strain is 
measured. Indirect measurements are those in which a 
change in a magnetic property as a result of stress is 
measured, and the magnetostriction is deduced from a 
theoretical model. It is a useful rule that direct measure­
ments yield A^ while indirect measurements yield A(. 
There are exceptions to this rule, which will be noted 
when the techniques are discussed in detail. It is not 
always a straightforward matter to convert from one 
parameter to the other, because the relationship given 
in equation (3) requires knowledge of the moment angles 
before and after the magnetization change. There may 
also be uncertainty as to whether saturation has been 
reached. Nevertheless, in many cases good agreement 
can be obtained between the results of direct and indirect 
measurements when care is taken to allow for these 
uncertainties.
It is useful at this stage to have in mind the range of 
interest for magnetostriction and the resulting dimen­
sional changes. The magnitude of A, for soft amorphous 
magnetic materials is in the range 10-9- 1 0 -4 . For 
samples of lengths between 1 and 10 cm this corres­
ponds to length changes in the range 10-11-1 0 - 5 m 
(0.01 nm -10//m ). Displacements of less than 1 nm are 
accessible to three techniques: capacitance dilatometry, 
interferometry and electron tunnelling. For larger dis­
placements, in addition to these techniques, one may 
consider strain gauges and various optical methods. 
Inductive methods are best avoided because of their
-2-
Magnetomechanics of soft amorphous materials
possible interaction with the magnetic state of the 
specimen.
The ability to measure small displacement is not the 
sole consideration in direct measurements of magneto­
striction. For the reasons explained in the introduction, 
it is important to minimize the stress or mechanical load 
on the specimen. A further difficulty is that the small 
lateral dimensions of amorphous ribbons and wires leads 
to low flexural and torsional rigidity; combined with 
poor geometrical uniformity this tends to make the 
specimen flex and twist as it undergoes magnetostrictive 
strain. The resulting displacements in directions other 
than the desired longitudinal direction can cause serious 
errors in the measurement. Control of these spurious 
displacements is not trivial, because it must be achieved 
without imposing mechanical loading of the specimen, 
which would unduly restrict the desired strain. The 
history of magnetostriction measurements of amorphous 
ribbons and wires is therefore as much about the 
geometry and mechanical control of the samples as 
about measurement o f displacement or strain themselves.
A further consideration is the range of temperature 
over which a technique will operate; for some purposes 
room-temperature operation is sufficient, while for others 
it may be necessary to operate also at low and high 
temperatures. Some methods lend themselves more read­
ily than others to variable-temperature adaptation. 
Finally, thermal expansion is an ever-present source of 
error. Coefficients of thermal expansion of amorphous 
alloys vary widely, but are typically around 10"5 K _I. 
For measurements of magnetostriction it is therefore 
desirable to maintain the temperature constant during 
a measurement to within a small fraction of 1 K; for 
instance, a strain sensitivity of 10“ 9 apparently requires 
the temperature to be stable to 0.1 mK. In practice some 
method of correction can often be applied to compensate 
for temperature changes.
The first review o f magnetostriction measurement of 
amorphous materials was by Lachowicz and Szymczak< 
(1984) as part of a general review of magnetostriction 
in these materials. Brizzarola and Colton (1990) give a 
useful summary of more recent developments. The most 
recent general survey is by Thomas (1991).
2.2. Direct methods of magnetostriction measurement
2.2.1. Strain gauge. Strain gauges have been widely 
used for measuring magnetostriction in crystalline and 
amorphous materials. Their main attractions are that 
they measure strain directly and that the cost is low. 
They can also be used over a wide range of temperature. 
The most serious limitation of strain gauges is that they 
can only be used on ribbon-form materials, not on wires 
or thin films. Even on ribbons the mechanical loading 
may not be negligible. An estimate of the direct loading 
effect can be made using the formula
(  2 A ,£ . \
<4'
where e is the measured strain, A and £  are the cross 
sectional area and Young’s modulus, and subscripts g  
and m denote gauge and magnetic material properties 
respectively. This formula is derived from the stored 
elastic energy in the combined ribbon and strain gauge; 
it assumes that the second term in the bracket 1, and 
ignores any sample curvature that may result from the 
loading effect of the gauge. Moreover, the modulus of 
the magnetic material may vary substantially with 
applied field, so the correction factor is not constant.
The first reported use of strain gauges for measuring 
magnetostriction in amorphous ribbons was by Brooks 
(1976). His samples were 13 mm x 0.64 mm x 0.04 mm 
and it was necessary to bond four sections together and 
to a Teflon base to avoid twisting and flexing. The 
gauges were semiconductor types 0.3mm x <0.02 mm 
in cross section. The loading effect calculated from 
equation (4) is therefore about 10%. Although semicon­
ductor gauges impose a small mechanical load on the 
sample, their use restricts the temperature range of 
measurement to near room temperature.
O’Handley (1977) used metal foil gauges of unspeci­
fied dimension sandwiched between two ribbons 
typically 2 mm x 0.035 mm in cross section. They were 
bonded with polyimide adhesive, which permitted 
measurements to be made between 12 and 660 K. Datta 
et al (1984) used unspecified semiconductor gauges 
bonded to 25 mm x 0.025 mm ribbons with low-melting- 
point wax. They report irreproducible results for 2 ,, 
which they attributed to variability in the demagnetized 
domain structure resulting from bonding. Reproducible 
results for A, were found, because sufficiently large 
applied fields can overcome any local demagnetizing 
effects. Measurements were only made at room tempera­
ture, the wax being a limiting factor in this respect.
An advantage of the strain gauge not previously 
mentioned is that it can be used for samples under stress. 
Tensile stress is easily applied since the ends of the 
sample are available for gripping. Moses and Winter 
(1984) reported measurements made on single 
13 mm x 0.06 mm section ribbons under compressive 
stresses up to 7 MPa. They pointed out the importance 
of using non-magnetostrictive gauges, such as copper- 
nickel alloy, as opposed to material such as constantan, 
which has pronounced magnetostriction of its own.
The effect of the adhesive bond has been mentioned 
already. A study of the effect of cyanoacrylate and epoxy 
adhesives on the magnetostrictive response of ribbons 
was reported by Gibbs et al (1987). They found that the 
adhesive itself can substantially alter the response to an 
applied field. The mechanism for this is that the biaxial 
compressive stress, produced when the adhesive sets, 
interacts with the magnetostriction to produce ani­
sotropy that, for a positively magnetostrictive material, 
is perpendicular to the ribbon plane. Thus both the 
moment angle distribution and the anisotropy magni­
tude are affected.
The features of the strain gauge method may now  
be summarized. It is suitable for ribbon-form material 




tem perature range, or under stress. The mechanical 
loading elTect can be minimized, but not eliminated, by 
the choice of gauges of small cross sectional area. The 
adhesive used to bond the gauge can influence the results 
of A, measurements, especially for highly magnetostric­
tive materials, but is less im portant for measurements of 
A,, provided that sufficient magnetizing field is available 
to saturate the sample. The sensitivity is typically of the 
order of 10 ” 8. Metal-foil gauges should be non-mag- 
netostrictive. Further possible sources of error that have 
not been studied are magnetogalvanic effects, which are 
likely to be greatest with semiconductor gauges. A 
measure of compensation for these can be achieved by 
using a dummy gauge.
1 2 2 .  Capacitance dilatometry. Capacitance displace­
ments sensors are widely used for applications where 
high sensitivity is required; for general reviews see Jones 
and Richards (1973) and Heerens (1986). Two configur­
ations that have been used for magnetostriction measure­
ments of amorphous materials: the three-terminal 
capacitance cell for ribbons, and the cantilever for thin 
films.
122.1 . The three-terminal capacitance method for 
ribbons. The three-terminal capacitance method was 
first applied to am orphous ribbons by Tsuya et al (1975), 
based on an earlier design by the same group (Tsuya 
et al 1974) for small spheres of y ig .  The description of 
the configuration as a three-terminal capacitor is slightly 
misleading, since the sensing element is basically a two- 
plate capacitor of the variable separation type (Jones 
and Richards 1973); the third terminal is connected to 
an electrostatic shield around the capacitor. In its orig­
inal form (figure 1(a)) the sample consisted of a stack of 
ten ribbons, each of cross section 0.6 mm x 0.025 mm, 
cemented together. A B e-C u cone was cemented to the 
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Figure 1. T hree-term inal c ap a c ito r  m ethod  for m easuring  
m agnetostric tion , (a) G eneral a rran g em en t of m easuring  cell: 1 
and  2 a re  c ap a c ita n ce  m easu ring  term inals; E1 is a  fixed 
electrode; E2 a  m oving e lec tro d e  s u p p o rte d  by sp ring  P; C is a  
co n ta c t be tw een  sam ple  an d  m oving e lectrode; S is an  
e lectrom agnetic  shield c o n n e c te d  to  g round  (after T suya et al 
(1974)). (b ) Scrolled ribbon sam p le  u sed  by du  Trem olet d e  
L acheisserie  and  K rishnan (1984). The c o p p e r ring ho lds the  
scroll toge the r, while silica e n d  c a p s  (not shown) c o n n ec t the  
sam p le  to  th e  rigid b a se  an d  th e  m oving e lectrode.
moving electrode, a thin plate of copper approximately 
20 mm square. This electrode was attached to a Be-Cu 
ribbon, acting as a resilient hinge of unspecified stiffness. 
The sample was therefore under compressive stress, 
the use of a stack being intended to reduce this effect. 
The authors’ estimate of displacement sensitivity was 
10_ n m, which corresponds to a strain sensitivity of 
about 10“8 for the 1.5 mm length employed, although 
in the work described the required sensitivity was only 
10-6 . The construction of the cell was such that it could 
be operated at variable temperature; results were given 
in the range 77-300 K.
Ishio and Kadowaki (1989) described a form of the 
capacitance cell that could be used with single ribbons, 
and used this for 7 mm x 1 mm x 0.01-0.02 mm ribbons 
in the temperature range 77-400 K, claiming a sensitivity 
of 2 x 10-7. Their apparatus also employed a spring- 
mounted moving electrode. No information was given 
on mechanical loading, but results for A, of Fe0.8oBo.2o 
ribbons agreed within a few percent with those obtained 
by the strain gauge method, by version of capacitance 
cell described above, and by the small-angle magnetiz­
ation rotation method described below.
A variation of the basic dilatom eter configuration 
described by du Tremolet de Lacheisserie and Krishnan
(1984) is suitable for non-brittle ribbons available in 
lengths of at least 10 cm and 1 cm wide. The ribbon was 
scrolled into a cylinder 5 mm in diameter, the length of 
the cylinder being the width of the ribbon. The scrolled 
ribbon was held inside a cylindrical copper collar, and 
was sufficiently rigid to be treated as a bulk sample 
(figure 1(6)). The end of the cylinder was bonded to a 
silica holder and cap with a variety of adhesives that 
permitted measurements to be made between 4.2 and 
1000 K.
The most recent version of this form of dilatometer 
is that due to Vieira et al (1992). This uses a special cell 
designed to allow application of controlled tensile stress 
to a single ribbon of cross sectional area about 
3 x 10 ~8 m2. Care was taken to isolate the system from 
vibrations, and a sensitivity of 10 “ 9 was obtained.
The features of capacitance dilatom etry using the 
three-terminal capacitance method can now be summar­
ized. For samples of bulk ribbon the method offers 
operation over a wide temperature range. The sensitivity 
is typically about 10 ~8, though with care it can be 
improved to 10-9 . In most embodiments the sample is 
under some stress, which may affect the measured mag­
netostriction. Stacks of ribbon reduce this loading, but 
introduce the possibility of errors from the adhesive.
2.2.2.2. The cantilever capacitance method for thin 
films. The cantilever configuration was introduced by 
Klokholm (1976). The basic arrangement has been 
adapted for use by other sensing methods described 
below, so it is useful to summarize the operating param ­
eters. A film of thickness ff is deposited onto a substrate 
of thickness t, (figure 2). The substrate is rigidly clamped 
at one end to form a cantilever. At a distance / from the 
support the deflection d caused by a magnetostrictive
70
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Figure 2 . Cantilever geom etry  for m easuring m agnetostriction  
of thin films and  multilayers. The sym bols are a s  defined  in 
equation  (5).
strain X, with the applied field along the cantilever, is 
given by
(5)
where £  is Young’s modulus, v is Poisson’s ratio, and 
subscripts f and s denote film and substrate. The deflec­
tion for the applied field parallel to the width of the 
cantilever is —d/2. The magnifying character of this 
arrangement is particularly important when thin films 
are being studied; deflections comparable to X are poss­
ible with films a thousand times thinner than the 
substrate.
In K lokholm’s original system the capacitor formed 
between the sample and a fixed 1 cm square plate 
constituted part of the tuned circuit of an oscillator 
operating at about 10 MHz. Deflections of the cantilever 
varied the frequency. The sensitivity of the apparatus 
cannot be stated simply because of the number of 
parameters in equation (5) and in the frequency-deflec- 
tion characteristic. In the original version the sensitivity 
was about 10“ 7. A greater problem arises if absolute 
values of magnetostriction are required, since one must 
then know all four elastic parameters in equation (5), as 
well as the geometrical parameters. This problem can 
be partly overcome by the method of Yoshino et al 
(1982), in which standard films of isotropically mag­
netostrictive Fe^N ^o were vacuum-deposited onto the 
substrate to provide calibration. In the version of the 
cantilever method described by Forester et al (1978) 
the capacitance change was measured using a bridge 
method with a stated sensitivity of 10"6 pF  for capaci­
tance changes of 10~2-1 0 “4 pF. The relationship 
between capacitance change AC and magnetostriction 
at magnetic saturation is given as
/  2eAEt ( 1 -I- vf)r2 \  
\9 C 2m fE , { \ - ^ ) l 2J (6 )
where A is the area of the fixed plate, C is the capacitance 
and w is the width of the substrate. As in Klokholm’s 
system, the sensitivity can be stated only if the values of 
the parameters in equation (5) are known; a value of 
10” 7 is achievable without undue difficulty.
To summarize: deposited films are conveniently mea­
sured in the cantilever configuration. For typical film 
and substrate thicknesses the sensitivity may be expected 
to be between 10"6 and 10"7. Published accounts are 
of room-temperature operation, but there is no funda­
mental reason why the temperature cannot be varied 
over any range of interest.
2.2J. Optical methods. Two forms of optical dila­
tometry will be discussed: the fibre-optic dilatometer for 
bulk ribbons and wires, and the cantilever method for 
deposited films.
The fibre-optic dilatom eter (Squire and Gibbs 1987) 
uses the sample as a shutter between two optical fibres 
(figure 3). One end of the sample is attached to a rigid 
base; the sample is otherwise free to  strain along its axis. 
As the free end moves it varies the amount of light 
transmitted between the two fibres, and this is used to 
measure the strain. In the original version the system 
must be calibrated for each sample because the intensity- 
displacement response is not precisely repeatable. In a 
later modification the system operates in a closed-loop 
mode, which holds the free end of the sample in a fixed 
position by means of a piezoelectric actuator with sub- 
nanometre resolution (figure 3). The displacement is thus 
known to the precision of the actuator without further 
calibration. Samples of any cross section and lengths up 
to 100 mm can be accommodated. The sensitivity is 
typically 10"7. The principal advantage of this method 
is the minimal stress imposed on samples of small cross 
section. For the reason explained in the introduction, it 
is necesary to constrain ribbons laterally to avoid flexing 
and twisting, so they are m ounted between glass slides 
to form a sandwich; there is accordingly a small am ount 
of sliding friction. The method is primarily designed for 
room-temperature operation, but can be adapted to 
work over a range of 50 K either side without difficulty.
The cantilever configuration of Klokholm discussed 
above has been adapted by Tam and Shroeder (1988a,b) 
through use of a highly sophisticated optical displace­
ment sensor. The optical system employs a H e-N e laser 
beam reflected from the surface of the film onto coarse 
and fine position sensors, the latter piezoelectrically 
oscillated. The applied magnetic field is sufficiently 
strong to saturate the sample, and rotates in the plane 
of the film to produce non-resonant oscillations of the 
cantilever with ah'am plitude proportional to A,. The use 
of a frequency above the range of the predominant 
thermal noise spectrum effectively eliminates any error 
caused by thermal expansion. The shot-noise-limited
o p t ic a l
f ib r eP iez o e lec tr ic  s h ifte r
collim ated
light beamy /sam ple
Figure 3 . Principle of th e  fibre-optic d ila tom eter m ethod  for 
m easuring  m agnetostric tion . In th e  o p en  loop arrangem ent 
(Squire and  G ibbs 1987) m agnetostric tive  strain  in th e  sam ple  
ch an g e s  th e  am oun t of light tra n sm itted  b e tw een  th e  optical 
fibres. In th e  c lo se d  loop arran g em en t a  co m p en sa tin g  shift of 





Figure 4 . Tunnelling tip  d ila tom eter for m easuring  
m agnetostriction  (Brizzarola and  Colton 1990).
sensitivity is estimated to be 6 x 10“ 17 m, which is about 
ten times less than the reported performance. This allows 
the magnetostriction of a 30 nm film on a 200 /xm 
substrate to be measured with a sensitivity of 10"7 The 
system as described operated at room temperature, but 
there is no fundamental difficulty in extending this 
because the sensing technique requires only optical 
contact with the sample. It should be noted that, 
although this method makes a direct measurement of 
magnetostrictive strain, it yields only A , because the 
sample is magnetically saturated.
Bellesis et al (1993) have very recently described a 
version of the cantilever method in which the deflection 
is sensed by a laser Doppler interferometer. For films 
about 1 /xm thick deposited on 250 /xm silicon substrates 
they obtain a resolution of about 10"8 for A,.
2.2.4. Tunnelling tip system. Tunnelling tip microscopy 
is a well-established technique for measuring small sur­
face features. The technique can be readily adapted to 
measure displacement, and hence magnetostriction. A 
system based on this approach (figure 4) was described 
•by Brizzarola and Colton (1990). The ribbon sample 
was constrained to move in the ribbon plane by m ount­
ing in a quartz tube and resting on a thin layer of light 
oil. The free end of the sample carried a 2 mm x 4 mm 
aluminium foil with a sputtered gold film to act as the 
tunnelling surface. The displacement was measured by 
a conventional piezoelectric feedback system. Elaborate 
precautions were taken to reduce vibrations and to 
shield the system from acoustic, thermal and electrical 
interference.
The displacement sensitivity of the system is quoted 
as 0.06 nm H z " 1/2 at a frequency of 1 Hz, giving a strain 
sensitivity of 10~9 for a 10 cm length. The method is 
therefore as sensitive as the best direct methods. It is 
rather complex and requires careful sample mounting. 
It is suitable for near-room-tem perature operation.
23. Indirect methods of magnetostriction measurement
Indirect methods of magnetostriction measurement are 
based on the equivalence of stress plus magnetostriction, 
and anisotropy. It is shown in most textbooks on
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Figure 5. Principle of th e  sm all-ang le  m agnetiza tion  rotation 
m ethod  for m easuring  sa tu ra tio n  m ag n e to stric tio n . The 
tra n sv e rse  field Hp ro ta te s  th e  m ag n e tiza tio n  v ecto r M aw ay 
from  its equilibrium  position  a long  th e  sam p le  axis. The am ount 
of ro tation  d e p en d s  on  th e  app lied  s t r e s s  a a n d  axial field H0; 
c h a n g e s  in a can  b e  c o m p e n sa te d  by  c h a n g e s  in H0 by an 
am oun t p roportional to  X, (see  eq u atio n  (7)).
magnetism, for example Cullity (1972), that when a 
stress <t acts on an isotropic magnetostrictive material it 
is equivalent to a uniaxial anisotropy K„ = (3/2)Xta. 
Therefore any property that depends on anisotropy can 
be modified by application of stress to a magnetostrictive 
material. If certain conditions are satisfied it is then 
possible to deduce A , from the stress-dependence of the 
corresponding property.
23.1. Small-angle magnetization rotation (s a m r ). The 
s a m r  method has dominated the measurement of mag­
netostriction in amorphous ribbons and wires since its 
introduction over a decade ago (N arita  et al 1980). The 
principle of the method (figure 5) is that a field Hp 
applied perpendicular to the axis of magnetization 
rotates the magnetization away from the axis by an 
am ount depending on the magnitude of the perpendicu­
lar field relative to the total effective field along the axis. 
This consists not only of the applied field H0, but also 
includes an effective stress anisotropy field H a =  
3Afff//ioM,. The rotation angle is therefore a function of 
the applied stress. If the perpendicular field varies sinus­
oidally at angular frequency w  a component at twice 
this frequency appears in the m agnetization component 
along the axis. A search coil coaxial with the ribbon 
thus picks up a voltage at the second harmonic fre­
quency. It was shown by N arita et al (1980) that the 
magnitude of this voltage satisfies the relation
 2 V '2 H0 +  (3/2)A.g//ioAf. +  Hd
M ,A N (o )  Hp
(7)
where A is the cross sectional area of the sample, N  is 
the number of turns on the search coil and Hd is the 
demagnetizing field determined by the shape of the 
sample. The simplest mode of use is to apply a stress 
and adjust H0 to m aintain t; constant. It can immediately 
be seen from equation (6) that the change required in 
H  is given by AH0 =  3/^a/(noM t ). A more reliable pro­
cedure is to measure v as a function of H0 for fixed a. 
A, can be deduced from the intercept at H0 = 0 of graphs 
of v~ 112 against H0. The authors estimated a measuring 
accuracy of ± 5 %  and a sensitivity of 2 x 10“ 7.
The original analysis of the s a m r  method took no 
account of domain structure. Severino and Missell (1987) 
considered the effect of domains parallel and perpendicu­
lar to the axis resulting from regions of compressive and
-6-
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tensile stress, and showed how to modify the analysis to 
take a simple domain structure into account.
Early applications of the s a m r  method were to 
measurement of samples with low magnetostriction. 
Difficulties arise when the method is applied to highly 
magnetostrictive materials because of the spatially vary­
ing anisotropy associated with internal stress (Hernando 
et al 1986); this effect is of most significance in unan­
nealed samples. The DC field required to saturate the 
sample adequately has to be very large, and the voltage 
v given by equation (7) becomes so small that it cannot 
be accurately measured. Refinements to the basic 
arrangement, described by Sanchez et al (1988), permit­
ted measurements to be made with a resolution of 10“ 7 
for samples with A,=: 10"5 at stresses up to 500 MPa 
and fields up to lO k A m -1. In their version of the 
apparatus the transverse field was produced by an 
alternating current along the ribbon. The same technique 
was applied by Mitra and Vazquez (1990) to amorphous 
wires. By taking great care in design of the a c  exciting 
coils and electronics, Siemko and Lachowicz (1987) 
reported a sensitivity of 10“9.
The s a m r  method was originally devised for ribbons, 
but can equally well be applied to wires. Its use for thin 
films and multilayers is straightforward, but is subject 
to similar uncertainties to those mentioned in sec­
tion 2.22.2 relating to the number of parameters needed 
to calculate the absolute value. Recent results for 
amorphous C o -F e-M o-S i-B  films around 1 fan thick 
were reported by Huang et al (1993). They indicate a 
sensitivity o f about 2 x  10-9 .
An analysis of the effect of incomplete saturation 
(Grdssinger et al 1989) shows that the effective value of 
A, derived from the s a m r  method is given by
A,(eff) =  ( l - 3 £M)Af (8 )
where £M is the fractional deviation of the magnetization 
from its saturation value. It follows that even a few 
percent deviation from saturation can cause significant 
error in the measured value of A,. A good fit to a 1/H2 
approach to saturation was found for FegoBjo ribbon, 
which allowed extrapolation to complete saturation.
A variation of the s a m r  method is described by 
Kraus (1989). In this the DC bias field is applied trans­
versely in the ribbon plane and the a c  field is along the 
axis. The sense coil along the ribbon axis forms part of 
a mutual inductance bridge, which effectively measures 
the transverse susceptibility
By plotting the bridge output voltage against H0 at 
constant stress, A, can be deduced from the same formula 
as in the s a m r  method. The method is particularly well 
suited to wide ribbons (10 mm or more) and low mag­
netostriction (< 1 0 -5 ). Kraus estimates a sensitivity o f  
about 10“ 8 under typical conditions.
23.2. Other indirect methods. One of the earliest 
methods is based on the classic work of Becker and 
Kersten (Becker and Doring 1939). In this method the
slope Xo ° f  the initial magnetization curve is measured 
under stress. For negative magnetostriction the satu­
ration magnetostriction is determined from the 
relationship
‘-(S> (9)
It was first applied to amorphous ribbons by Hilzinger 
et al (1979), who measured A ,=  —(3.60 ± 0 .05) x 10-6 
for a Co-based ribbon. In principle the method can be 
applied for measuring positive magnetostriction; how­
ever, this requires compressive stress to be applied, which 
is not easy for ribbons. The same authors described two 
modifications to the method that allow it to be applied 
to positively magnetostrictive ribbons. In the first, tensile 
stress a  is applied at an arbitrary small field, resulting 
in a magnetization M. The stress is removed, and the 




The second version involved bending the ribbons into 
toroidal form, thereby producing a continuous distri­
bution of stress from +<r0 to —a0 through the thickness 
of the ribbon. The magnetization curve was then fitted 
by the function
M
This version is of limited accuracy because of the number 
of parameters that must be known to calculate A,. O’Dell
(1981) discussed the Becker-Kersten method in more 
detail, and was able to measure low magnetostriction 
with a sensitivity of about 10~8. The simplicity of 
experimental arrangement allows this method to be 
applied over a wide range of temperature.
A method for measuring A, based on.the Wiedemann 
effect was first proposed by Liniers et al (1985). In this 
method a current flowing along the ribbon axis in the 
presence of an axial magnetizing field produces torsion. 
The torsional angle per unit length £ is proportional to 
A,. For an ideally transverse field-annealed ribbon of  
thicknes la  and width 2b, such that b / a p i ,  the maxi­
mum value o f £ was shown to be given by
=  2.2A,/a.
The numerical factor varies somewhat for other domain 
geometries. A more serious problem is that for high 
magnetostriction the current required to achieve ^  is 
so great that Joule heating raises the temperature of the 
ribbon unacceptably. The method was modified by 
Nufiez de Villavicencio et al (1986), who developed an 
expression for £(/) at low currents I. They showed that, 
for sufficiently high axial fields Ht and low axial stress
£ =  3 lXJ4abH t .




of £ against /. This result holds under a num ber of 
assumptions about the anisotropy. In practice the wire 
is suspended with its lower end in a conducting liquid. 
A certain am ount of stress is unavoidable, so the zero- 
stress behaviour is deduced by extrapolation from vari­
able small-stress measurements. Illustrative results over 
the range of tem perature from 0-400 °C indicate a 
precision of 1-2 x 10 ~7. The method is most suited to 
samples of large cross section and low magnetostriction, 
although the sensitivity is independent of A,.
The final method to be described is strain-m odulated 
ferromagnetic resonance ( s m f m r ) ,  introduced indepen­
dently by Henning and den Boef (1978), and by Wosik 
et al (1978). The method is based on the shift AH a in 
the field at which the f m r  occurs when an alternating 
strain is imposed. The sample is inserted between piezo­
electric ultrasonic driver and sensor bars inside a m icro­
wave cavity. M agnetostriction is evaluated from an 




The precise form of this expression depends on the 
orientation of the stress and applied field, and also on 
the individual components of A, rather than just A ,.  This 
feature makes the method useful if anisotropy of m ag­
netostriction is to be studied. A fuller analysis of the 
anisotropy is given by Thanh and Krishnan (1985). 
Another advantage of this method is the good sensitivity, 
typically 10-9. It can be used over a wide tem perature 
range. Against this must be set the complexity of the 
apparatus and the fact that the microwave frequency 
(10 GHz) limits the measurement to the surface because 
of the skin effect. Also the ultrasonic frequency 
( 104—105 Hz) means that the value of A measured is not 
the d c  value.
A very recent development of the f m r  method 
(figure 6) is described by Bushnell et al (1992). In their 
method a static stress is applied by bending the substrate. 
Also, a possible microwave configuration uses a coplanar 
waveguide that allows for a spatial resolution of 0.5 mm 
or less over a frequency range 0.1-20 GHz. This method 
is less sensitive than the m odulation method, with sensi­
tivity of about 10 " 6, and so is not suitable for very low 
magnetostriction measurement.
2 3 3 . Stress-induced effects in indirect measurements of 
magnetostriction. It has been pointed out by Siemko 
and Lachowicz (1987) that stress can influence the 
measured values of A , in two ways: first by inducing 
anisotropy, and secondly by changing A , itself. The first 
effect is only likely to be significant at elevated tem pera­
tures, because it is thermally activated. The second effect 
is operative at any temperature. It has been found that 
the magnetostriction can be expressed in the form
A.(<r) =  A,(0) +  (dA./d<TUoff- (13)
By measuring A , as a function of a it is thus possible to 
find the zero-stress value. For two samples of low- 
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Figure 6. S train-m odulated  ferrom agnetic  re so n an ce  m ethod  
for m easuring  satu ration  m ag netostric tion  (Bushnell et al 1992). 
(a) System  schem atic  diagram . (b ) S am ple  m ounting for planar 
configuration.
and Lachowicz the stress derivatives in equation (13) 
were of order 10“ 10 M P a-1 . The effect is therefore only 
of significance in measurements of low magnetostriction
( < 10-6).
3 .  M e a s u r e m e n t  o f  f i e ld - d e p e n d e n t  e la s t i c  m o d u li 
a n d  m a g n e t o m e c h a n ic a l  c o u p lin g  fa c to r
3.1. Introduction
Magnetostriction couples the magnetic and mechanical 
behaviour of a material. Two consequences of this are 
the field-dependence of the elastic moduli and coupling 
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relation between these two effects for linear strain is
(14)
where £ , is Young’s m odulus at magnetic saturation and 
E„ is Young’s modulus in the unstressed state at an 
applied field H. k is the magnetomechanical coupling 
factor, which is the fraction of magnetic energy that can 
be converted into elastic energy at low frequency. Values 
of k close to unity are desirable for efficient magnetoelas­
tic devices. Rearrangement of equation (14) in the form
E„ = E$( l - k 2) (15)
shows that a high coupling factor gives a large change 
of modulus with applied field. These two relations also 
show that a measurement of elastic modulus ratio £ » /£ , 
can be used to derive k, and vice-versa.
There is a close formal resemblance between mag­
netostrictive and piezoelectric phenomena. Many of the 
m ethods used to study magnetoelastic properties are 
therefore based on those developed for piezoelectric 
materials (Berlincourt et al 1964). The similarities 
between the two classes of phenomena must be inter­
preted with caution; as has been pointed out by O ’Dell
(1982) and others, the essential nonlinearity of mag­
netostrictive and magnetic properties means that formu­
lae derived from the conventional linear model of 
piezoelectric behaviour are at best approximate. The 
very high coupling factors that can occur in amorphous 
materials tend to exacerbate the difficulties.
The high electrical conductivity characteristic of met­
allic materials makes eddy currents significant at much 
lower frequencies than in piezoelectric materials. As a 
consequence the magnetoelastic properties show fre- 
quency-dependence at much lower frequencies, which 
can lead to different results when the same sample is 
measured by different methods. A third source of diffi­
culty is the irregular surface topology of many ribbon 
and wire samples.
3.2. The resonance/antiresonance method
This m ethod is based on the analogous methods for 
measuring elastic and piezoelectric parameters in dielec­
trics (Berlincourt et al 1964). Longitudinal vibrations 
are set up in the sample by the alternating field inside a 
solenoid. For freely supported, narrow ribbons and wires 
the dom inant mode of vibration is the fundamental 
longitudinal mode in which a half-wavelength corre­
sponds to the sample length L. The resonant frequency 
f t is given by
(16)
where £  is Young’s modulus and p is the density. The 
simplest arrangement for observing the resonance is 
shown in figure 7(a). In this arrangement the sample is 
inserted into a close-fitting sensing coil to form an 
inductance L; this is located inside a larger solenoid (not





Figure 7. R eso n an ce /an tire so n an ce  m e th o d  for m easuring  
fie ld -dependence  of Y oung's m od u lu s  an d  m agnetom echan ical 
coupling, (a) Circuit diagram  for th e  s im p lest version  of the 
m ethod. The coil L con ta ins th e  m ag n e to stric tiv e  sam ple.
(6) Typical variation of the  voltage a c ro ss  th e  coil containing the  
sam ple  a s  th e  frequency is varied th rough  th e  fundam ental 
longitudinal re so n an ce  frequency.
shown) to provide the D C  bias field. The inductance L  
forms part of a simple potential divider circuit. If the 
permeability is constant as frequency /  is changed, the 
voltage vL across L  increases linearly w ith / (broken line 
in figure 7(b)). Mechanical resonance excited in the core 
by the applied field via the magnetoelastic coupling 
modifies its permeability, resulting in a peak at a fre­
quency / r and a trough at a higher frequency / , ,  called 
the antiresonance frequency (figure 1(b)). An improved 
method is to measure the impedance as a function of 
frequency (Brouha and van der Borst 1979). The fre­
quency for maximum impedance is taken as / r, and the 
frequency where Z  is a minimum is taken as For 
negligible losses it can be shown that
k2 =
(n/2 ) f t / f m 
tan [(71/2 ) / , / £ ]
(17)
Many applications of the method (Savage et al 1975, 
Modzelewski et al 1981, Kaczkowski et al 1984) have 
been based on the use of the impedance circle or admit­
tance circle, in which the real and imaginary components 
of the impedance or admittance are plotted on an 
Argand diagram (figure 8). This has the advantage that 
the shape of the plot gives useful diagnostic information 
on the loss, a perfect circle touching both axes indicating 
the ideal lossless condition. It also facilitates extraction 
of the various characteristic frequencies associated with 
resonance (Berlincourt et al 1964). In particular, the 
motional resonance frequency/ „  the frequency for maxi­
mum admittance f m and the frequency for zero suscep- 
tance / r coincide for zero loss, and are close for low loss, 
but differ significantly for high loss. The coupling factor 






CON D U CTA N C E
Figure 8 . A dm ittance c ircle show ing the  charac te ris tic  
freq u en c ie s  defined  in th e  text.
(Schussler 1968)
(18)
where the first bracket is a correction for the effect of 
variable stress along the sample. However, this formula 
is only valid for values of k up to about 0.7, and cannot 
therefore be safely used for many of the samples of 
greatest interest for applications.
A particular problem that complicates the analysis 
of the resonance method is the uncertainty as to the 
correct boundary conditions. Analysis based on the 
piezoelectric analogue assumes either constant H  or 
constant B, whereas in practice neither is strictly true. 
Meeks and Hill (1983) suggest an improved formula 
based on a graphical analysis of the frequency ratios for 
the first and second resonances:
(19)
Although the difference between formulae (17) and (18) 
am ounts to only 4%  in the value of k , this is im portant 
when k approaches unity. A treatment of the same 
problem by Hathaway and Spano (1984) introduces an 
adjustable param eter £ to describe the relative contri­
butions of constant B and constant H. The value of £ is 
also found by using the second resonance. However, as 
the authors recognize, this is still an approximation that 
ignores losses, eddy current effects and the contribution 
of shear terms.
The most serious shortcoming of the resonance/ 
antiresonance method (O’Dell 1982) is the fundamental 
assumption that the magnetoelastic behaviour can be 
modelled by a set of linear equations of state, an 
approach given unfortunate respectability by the IEEE 
(1973), which writes (in the notation of this paper)
A* =  <j/E h +  dH  (20)
where EH is the elastic modulus at constant field, and d 
is the piezomagnetic strain constant, defined as
rf- r i - 5 L
I dH
( 2 1 )
For the ideal magnetostrictive response, in which all 
magnetic moments rotate uniformly through 90° under 
the influence of applied field (Livingston 1982), the
magnetostriction is a parabolic function of the applied 
field, which can be written in the form
3A. 
2 H i
H 2 H ^ H m (22)
where H, is the anisotropy field. It follows that the 
coefficient d in equations (20) and (21) is proportional 
to H, quite unlike the piezoelectric case where it is 
constant. In particular, when H =  0, d =  0; so the magne­
toelastic coupling vanishes. This means that k = 0, and 
also that the magnetomechanical resonance disappears, 
preventing measurement of E  near H  =  0. For the same 
reason, the resonance disappears at saturation. M atters 
are made even worse by the effect of dom ain structure, 
which allows the stress to change the magnetization at 
constant H. For these reasons equation (20) is an 
unsound basis on which to discuss the magnetoelastic 
behaviour of magnetostrictive materials, except under 
the most restrictive conditions.
The resonance/antiresonance m ethod cannot there­
fore be recommended for reliable measurements of 
Young’s modulus. Its use for measuring the coupling 
factor is widespread, and under closely specified con­
ditions is legitimate. It is relatively simple to set up, 
though not to interpret. It can be used over a wide 
range of temperature.
3 3 . The vibrating reed method
This method, pioneered and refined by Berry and 
Pritchet (1975, 1983), is based on the flexural vibrations 
of a sample in the form of a thin cantilever. The sample 
is clamped rigidly at one end, and is excited into one of 
its lower-order modes. The natural frequencies of these 
are given by
(23)
where t is the thickness, and the constants c„ are given 
by 0.280, 1.75, 4.91 and 9.62 for the first four modes. A 
similar expression applies to wires, with the diam eter 
replacing the thickness, and different numerical con­
stants. In the original form of Berry and Pritchet the 
vibrations were excited and detected by means of capaci­
tive coupling. In our laboratory we have successfully 
used mechanical excitation and optical detection, which 
lend themselves more readily to use with wires than 
does the original method (figure 9).
For ribbons and wires of typical dimensions, the 
resonant frequencies given by equation (23) fall in the 
range 20 Hz-3 kHz, so for most purposes this may be 
considered as a quasi-DC method. It is sometimes possible 
to operate in higher modes, to extend the frequency up 
to about 10 kHz, but the amplitude of vibration falls off 
sharply beyond a few kilohertz, thereby m aking detection 
difficult. It should also be noted that internal friction can 
show marked frequency-dependence in the kilohertz 
range, arising from adiabatic stress variation across the 
thickness of the sample. Berry and Pritchet (1973) have
76
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Figure 9 . Vibrating reed  m e th o d  for m easuring  th e  field- 
d e p en d e n c e  of Y oung's m odulus.
discussed this effect, and estimate that its effect on the 
measured value of £  is about 0.1%.
Berry and Pritchet initially developed their system 
for internal friction measurements. The internal friction 
can be deduced from the decay of free vibrations or 
from the Q factor of the forced resonance frequency 
response. In order to study low internal friction, it was 
necessary to evacuate the space around the sample, but 
for most measurements on amorphous materials the 
internal friction is high enough for air damping to be 
neglected. By using a thermally controlled gas around 
the sample, it is straightforward to vary the temperature 
over a wide range.
O btaining reliable data from the vibrating reed 
method requires some care. There are two effects that 
can give misleading results if they are not allowed for: 
the pole effect and strain dependence of the modulus. 
The pole effect was identified by Berry and Pritchet 
(1979), who pointed out that even in the absence of a 
field-dependent modulus the frequency of vibration of a 
magnetic reed increases with magnetization. The reason 
for this is that the dipole moment induced by the applied 
field exerts an additional restoring torque that tends to 
align the reed along the direction of the applied field. 
The apparent stiffness is thus increased, which can be 
confused with an increase in Young’s modulus. It can 
be shown that the resonant frequency of the nth mode 
differs from that given by equation (23) in the following 
way:
f l  =





where is a numerical constant for a given mode. The 
linear dependence on H  allows the effect to be corrected 
for by measuring f„ as a function of H  in the saturated 
state, for which both £  and M are constant, and for 
which equation (24) therefore shows f l  to be a linear 
function of H. The gradient of the linear portion gives 
the value of (}„. Combined with values for M(H)  this 
allows the second term on the right-hand side of equa­
tion (24) to be calculated for any H. It turns out (Berry 
and Pritchet 1979) that decreases sharply as n 
increases, so by operating in modes three and above the 
pole effect can be made quite small.
The second source of error in measuring £  by the 
vibrating reed method is the strain-dependence of the 
elastic modulus. This is an inevitable consequence of 
magnetostriction (Bozorth 1951). At vanishingly low 
strain amplitudes E(H)  is a linear function of strain, so 
by measuring the A £  effect at different strains the zero- 
strain values may be obtained by extrapolation. In 
annealed magnetostrictive am orphous ribbons and 
wires, where the magnetomechanical coupling can be 
very strong, it may be necessary to operate at strains as 
low as 10-6 to be sure of obtaining reliable linear strain 
dependence. It should also be noted that the strain varies 
continuously through the thickness of the vibrating 
ribbon or wire, from compressive on one side to tensile 
on the other.
The vibrating reed method is widely used for 
deposited films (Berry and Pritchet 1981, H anada et al 
1989). The calculation of the film modulus from the 
resonant frequency in the general case is complicated, 
but for conditions typical of deposited films of mag­
netostrictive materials the following simplified relation­
ship holds:
r  I ( . A f t ,  p{ \
£' “ 3l  2IT, +(25)
where pf and p, denote densities of film and substrate 
respectively, Af  is the frequency difference between the 
resonant frequencies / ,  of substrate and substrate plus 
film, and the other symbols are defined in section 2.2.2 
and figure 2. The assumptions in this approximation are 
that (i) the film is much thinner than the substrate, and 
(ii) the length is much greater than the width. M addalena 
(1992) has used the phase angle, rather than the ampli­
tude, to determine the resonant frequency.
The principal advantages of the vibrating reed 
method for measuring E(H)  are (i) that, unlike the 
resonance/antiresonance method, measurements can be 
made over the whole range of applied field; and (ii) that 
interpretation of results is not clouded by uncertainty 
about the boundary conditions. O n the other hand, the 
strain-dependence can be a significant source of error.
3.4. Tbe torsional pendulum for measuring shear modulus 
and internal friction
The shear modulus can be measured very conveniently 
at low frequencies by means of a torsional pendulum. 
In this method, the sample, in the form of a wire or 
narrow ribbon, provides the restoring torque that gov­
erns the torsional oscillation of a suitable load. The 
restoring torque is directly proportional to the shear 
modulus G. The frequency of oscillation is given by
1/2
(26)
where t is the torsional constant and /  is the moment 
of inertia of the load. For a wire of radius r and
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so G can be deduced from the frequency of oscillation. 
For ribbons a similar expression applies but, unless they 
are very narrow, it is difficult to achieve stable torsional 
motion because the ribbon tends to buckle. For am orph­
ous wires between 10 and 20 cm long, and for typical 
loads, the frequency of oscillation is in the range 
0.1-1 Hz, so these measurements can be regarded as 
essentially at zero frequency.
The small cross section of amorphous wire and 
ribbon samples makes the axial stress significant even 
for small axial loads. For instance, a mass of 1 g hanging 
from a wire of diameter 125 nm  produces a stress of 
0.8 M Pa. The magnetic and magnetoelastic properties 
of some samples can be modified by stress levels of this 
magnitude. For this reason the conventional torsional 
pendulum arrangement, in which the wire is supported 
at its upper end, and the load is attached to the lower 
end, is not generally suitable. Yoshida et al (1981) 
described a form of inverted pendulum with the load 
counterbalanced to reduce the axial stress. The oscillo­
gram of decaying oscillations was digitally recorded and 
Fourier-transformed to obtain the shear modulus and 
the internal friction. The arrangement in use in our 
laboratory is shown in figure 10; in this, the rotation is 
sensed by a capacitive transducer.
A rather subtle problem in the analysis of the to r­
sional oscillogram for amorphous wires is that, during 
the course of even a few cycles of oscillation, the shear 
modulus can change significantly. This change is a 
consequence of the varying peak shear strain level as 
the oscillations decay. Any method of analysis that uses 
many cycles can only give an average modulus, and may 
obscure im portant details of the modulus changes. This 
is true of the Fourier transformation method used by 









Figure 10 . Inverted torsional pendu lum  for m easuring  the 
fie ld -dependen t sh ea r  m odulus an d  m agnetom echan ical 
dam ping of am orphous  w ires (Atalay an d  Squire 1992).
by Malkinski and Malkinski (1990). A modified method 
of data capture and analysis was described by Atalay 
and Squire (1992). N onlinear least-squares fitting was 
applied, by which means the modulus and internal 
friction could be accurately calculated from a single 
cycle of oscillation, thus allowing details of the strain- 
dependence to be extracted, in addition to the field- 
dependence.
3.5. Ultrasonic wave velocity methods
The velocity of longitudinal acoustic waves in a long 
solid rod or thin bar can be expressed in the form
Ci~(E/p) 1/2 (28)
Similar expressions apply to other modes of propagation, 
in principle allowing all the elastic moduli to be meas­
ured. The use of ultrasonic wave velocity methods for 
precise measurement of elastic moduli in a wide range 
of materials is a well established and extensive area of 
study (McSkimin 1964). N ot surprisingly, therefore, the 
m ethods have been applied to am orphous ribbons and 
wires. Two basic configurations have been used: a delay 
line and a pulse-echo system.
The delay line method was first used by Arai et al 
(1976). In their apparatus (figure 11) a ribbon 35 cm 
long was held between damping pads. Short pulses of 
0.1-1.2 M Hz sinusoidal waves were generated by a short 
solenoid near one end and detected by a similar solenoid 
about 30 cm along the ribbon. The solenoidal trans­
ducers rely on magnetomechanical coupling, so it was 
necessary to provide a small d c  bias field near the 
solenoids to achieve efficient coupling. This is a potential 
drawback for some purposes, since the influence of the 
bias field extends some way beyond the transducers. In 
order to achieve good resolution in velocity measure­
ments, it is necessary for the distance between the 
transducers to be several times the length of the trans­
ducers. Also, at low frequencies the wavelength itself is 
significant (typically 5 cm at 0.1 MHz). These consider­
ations dictate that the ribbon should be at least 10 cm 
long. This is not necessarily a problem, but if the
Figure 1 1 . P u lse  p ro p ag a tio n  m eth o d  fo r m easuring  th e  field- 
d e p e n d e n c e  of Y oung’s  m odulus and  m agnetom echan ical 
coupling  of am o rp h o u s  ribbons an d  w ires. The sam ple  is 
s u p p o rte d  at e ither end  by acoustica lly  a b so rb en t p a d s  to  
re d u c e  reflections. The tran sm itted  pu lse  is launched  by m eans 
of a  sh o rt solenoid  an d  p ro p a g a te s  a long  th e  sam ple  to  a 
sim ilar receiving solenoid . Optim um  sensitiv ity  is ach ieved  by 
b iasing  th e  sam p le  a t the  transm itting  an d  receiving positions. 
A d irec t curren t field H„, provided by th e  long solenoid , is u sed  
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attenuation is large then the received signal may be too  
weak for accurate measurement. It is straightforward to 
apply tension to the ribbon, and the temperature may 
be controlled relatively easily.
Delay-line measurements have been made in 
amorphous wires (Masuda and Kakuno 1990); these 
used a similar arrangement to that of Arai et al. The 
main interest in this work was to elucidate the mechan­
isms o f the strong magnetoelastic wave scattering that 
is observed in wires. The conclusion drawn by the 
authors was that the scattering is essentially a bulk effect, 
not a surface roughness effect. They attribute it to a 
spatial variation of elastic properties along the wire, 
probably caused by residual stress. It can be largely 
removed by cold drawing, but this must be followed by 
annealing to regain magnetic softness. It would appear 
from this work that amorphous wires do not lend 
themselves to ultrasonic wave measurements.
The pulse-echo method is greatly favoured for elastic 
constant measurements in crystalline solids because it 
offers great precision (better than 1 in 106). It has been 
used by Scott and Kursomovic (1981) to study relaxation 
by following the changes in Young’s modulus during 
temperature cycling. In their system the ribbon samples 
were IS cm long. The waves were generated and detected 
by a transducer in the form of a magnetostrictive 
amorphous ribbon 1 m long. The operating frequency 
was 156 kHz, and a resolution of 1 in 104 was achieved. 
The use of such a long transducer is not always con­
venient, and an alternative method of transduction has 
been used by Squire and Gibbs (1988), who used piezo­
electric transducers directly bonded to ribbons for 
measurements in the frequency range 0.5-2.5 MHz. The 
waves generated were shear waves, so the measured 
modulus was the shear modulus, but the method is quite 
suitable for longitudinal waves. They found that the 
attenuation contained a term in / 4, leading to very 
strong attenuation at frequencies above about 1.5 MHz.
Two important points must be remembered in con­
nection with ultrasonic wave measurements of elastic 
moduli in magnetostrictive metals. The first is that eddy 
currents become significant at frequencies low compared 
with conventional ultrasonic measuring frequencies. Arai 
et al (1976) showed that the variable delay time in their 
pulse measurements fell sharply at frequencies above 
100 kHz. This reflects the strong frequency-dependence 
of the elastic moduli. It is not valid, therefore, to compare 
elastic modulus measurements made by means of the 
comparatively low-frequency resonance and vibrating 
reed methods with those made by ultrasonic wave 
methods.
The second point is related to the first, but involves 
a more thorough understanding of the nature o f the 
waves that propagate when ribbons and wires are ultra- 
sonically excited. The resulting waves are not purely 
mechanical, but are coupled modes, known generally as 
magnetoelastic waves ( m e w ). At frequencies of less than 
about 10 MHz these are essentially bulk waves, since 
the wavelengths are substantially greater than the ribbon 
thickness or wire diameter. At higher frequencies they
behave increasingly as surface waves. A full discussion 
of the nature of these waves is outside the scope of this 
paper. The interested reader should consult the extensive 
work of Inoue et al (1984, 1986) and Inoue (1989).
3.6. Note on density measurements
Whichever method of measurement is used, calculation 
of absolute values of elastic moduli from resonant fre­
quencies or wave velocities involves the density (see 
equations (16), (23) and (28)). Accurate measurement of 
the density of ribbon samples is complicated by their 
small cross section. A general review of methods for 
measuring the density o f small samples was given by 
Pratten (1981). The method generally preferred for 
amorphous ribbons is the Archimedean method. If an 
accuracy of better than 1% is required, attention must 
be paid to three sources of error non-reproducible 
meniscus effects, air bubbles adhering to the ribbon 
surface, and convection currents in the immersion liquid. 
Malkinski et al (1987) have described improvements to 
the method, involving comparison with a standard nickel 
foil; these permit an accuracy of 0.05% to be achieved 
for a 100 mg sample.
3.7. Measurement of high magnetomechanical coupling 
factor by permeability
The difficulties caused by uncertain boundary conditions 
in measuring very high coupling factors by means of the 
resonance/antiresonance method have been discussed in 
section 3.2. A technique that avoids this difficulty is to 
measure the low-frequency (1 kHz) permeability n under 
conditions of constant stress and constant strain (Wun- 
Fogle et al 1986). For the constant stress measurement 
the ribbon samples are unconstrained. To achieve con­
stant strain the sample is embedded in a very highly 
viscous fluid that allows the sample to relax at d c , but 
effectively freezes the motion at 1 kHz. The coupling 
factor is calculated from the relationship (Berlincourt 
et al 1964)
k2 = l — f f / ( f  (29)
where the superscripts denote constant strain and 
constant stress.
Using this method the authors were able to measure 
coupling factors as high as 0.95, corresponding to a 
maximum modulus ratio of more than 10 (see equa­
tion (15)). The method should be equally suited to wires, 
but is limited for variable temperature measurements by 
the viscous properties of the liquid.
4. Conclusions
Techniques for measuring the magnetoelastic properties 
of soft amorphous ribbons and wires are well developed 
and characterized. Choice of the most appropriate 
method requires a good understanding of the underlying 




with thin deposited films and multilayers, but there is 
still scope for improvements or new techniques to be 
developed for these materials.
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Abstract The basic physical and magnetic 
properties of Fe and Co based amorphous wires 
are summarised, together with post-production 
treatments used to modify the properties of the 
as-quenched alloys. The current status of the 
core-shell domain model is reviewed in the light 
of recent studies of the internal stress and easy 
axis distributions . Finally, a survey of recently 
proposed applications is presented.
L In t r o d u c t io n
Amorphous wires have been available for more 
than a decade. They are produced by the 
"in-rotating-water" quenching method. Details o f this 
method, and o f  the metallurgical and mechanical 
properties o f the main compositions o f amorphous wire, 
are fully described in [1]. The magnetic properties have 
attracted considerable attention, and were the subject of a 
special symposium in 1990 [2]. Extensive study o f the 
magnetic behaviour o f as-cast and annealed wires, in the 
undrawn and cold-drawn states, and surface domain 
studies, have established the basic domain structures that 
exist in them. There are still many details that remain 
unclear, however.
It is the purpose o f  this paper to review recent 
developments in the treatment, characterization and 
understanding o f  the magnetic properties o f amorphous 
wires, with particular emphasis on their applications. As 
a basis for this review we start by giving a short summary 
o f their basic physical properties and magnetic 
characteristics.
II. B a sic  P h y s ic a l  P r o p e r t ie s
The compositions o f  amorphous wires with 
magnetically interesting properties are o f  the form 
(Fe,CoJ4i)xSi}lBz , where the transition metal content is 
in the range 70-80% and the Si and B contents are 
in the range 10-20%. Occasionally additional elements, 
such as Cr, may be added to improve corrosion resistance. 
There are three families o f  composition that will be 
considered in this review: Fe-based, having large positive 
magnetostriction, Co-based, having small negative 
magnetostriction, and alloys having about 6%  o f  the Co 
replaced by Fe to produce nearly zero magnetostriction. 
Magnetostriction plays a decisive rdle in determining the 
magnetic and magnetomechanical behaviour o f  
amorphous wires, because the dominant anisotropy is the 
result o f residual stress and magnetostriction.
Some o f  the basic physical properties o f selected 
alloys are shown in Table I. Caution is advised in using 
published magnetostriction data, because the values are 
rather sensitive to the exact composition, and to the 
casting conditions; published data also vary. The data in 
Table I refer to the as-cast, or as-quenched state; some 
variation in all parameters can be expected after 
annealing, especially in the values o f  Young's modulus E 
and longitudinal acoustic wave velocity vL, w h ich  can 
develop strong field dependence after annealing .
m. M a g n e t ic  C h a r a c t e r is t ic s
Much o f  the interest in amorphous wires has been 
stimulated by their remarkable magnetic properties. In 
this section we summarise the main magnetic features o f  
amorphous wires, which may be broadly classified as 
pulse effects and magnetomechanical effects.
TABLE I
B a s ic  p h y s i c a l  p r o p e r t i e s  o f  r e p r e s e n t a t i v e  a m o r p h o u s  w i r e s  in  t h e  a s - c a s t  s t a t e  [1.3.4] 
f i g u r e s  in  B r a c k e t s  a r e  i n t e r p o l a t e d  f r o m  d a t a  in  [i]
Composition p(Mg/m3) E(GN/m2) vL(km/s) p„Ms (T) 106Xj
Fe^ sSil0B ,2S 7.21 164 4.77 1.6 35
Co72 5S*I2.5B15 * 74 174 4.73 0.64 -5.6
(Fe0.0«CO o.94W i12.5B.5 O’70) (173> 474 08 -008
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s a t u r a t i o n .  ( L o o p  t i m e  =  3 0 s )
A. Pulse Effects
The most striking feature of the hysteresis loop of 
many amorphous wires is the Large Barkhausen Effect 
(LBE), that shows as a vertical step in the hysteresis loop 
(Fig. 1). The magnitude of this step is typically half of the 
full magnetization change, expressed as a remanence 
ratio M,/Ms « 0 .5  [5]. It is observed in many 
compositions in the as-quenched state, whenever the 
magnetostriction is large enough, coupled with the 
casting stress, to produce the characteristic "core-shell" 
domain structure (Fig. 2). The low-field loop is 
essentially bistable in character, the exact nature o f the 
bistability depends on the alloy and the internal stress [5]. 
The field at which the core switches from one stable state 
to the other is called the switching fie ld , and is usually 
denoted by H .
The LBE is generally explained in terms o f the 
switching of the axially magnetized core by the 
propagation of a single 180° domain wall along the wire. 
The propagation of this domain wall can be directly 
observed by positioning one or more short sensing coils 
along the wire. The shape of the resulting voltage pulses, 
and their time difference can be used to infer the shape 
and size o f the wall and its speed [6,7,8,9], A related 
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twisted wire when it is placed in an alternating magnetic 
field (Fig. 3a); this is known as the Matteucci Effect 
[10]. The magnitude o f this in amorphous wires can 
amount to several tens of mV, making it potentially 
useful for sensor applications. The normal arrangement 
for observing the Matteucci effect is with the applied 
field produced by an external coil along the wire axis. 
An alternative arrangement, requiring no coils [5], uses 
an alternating current along the wire to produce a 
circumferential or helical field at the wire surface. If this 
is sufficiently large it can induce core switching, resulting 
in a Matteucci voltage; this can be distinguished from the 
low-frequency driving voltage by high-pass filtering (Fig. 
3b). A third arrangement [5] , (Fig. 3c) uses an 
alternating field perpendicular to the wire axis to 
produce local core switching. This results in a Matteucci 
voltage at twice the exciting frequency, which has been 
used to demonstrate a data tablet [10].
The other pulse effect that has the potential for 
device applications is the Inverse Wiedemann Effect 
[11,12] . In its general form this is a change in the 
magnetic induction of a material caused by an applied 
torsion. The particular form that is observed in 
amorphous wires is a torsion-induced change in the 
switching field of a bistable wire, as shown in Fig. 4 .
A particular advantage of the pulse voltages that 
are produced by these effects is that they depend only 
weakly on the frequency o f the exciting field, since they 
arise from the propagation o f a domain wall, not on the 
rate at which the applied field changes.
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F i g .  4 .  I n v e r s e  W i e d e m a n n  e f f e c t .
B. Magnetomechanical Effects
Magnetomechanical effects are here taken to 
include any interaction between the magnetic and 
mechanical properties of a material. The most direct 
magnetomechanical effect is magnetostriction. As shown 
in Table 1, the saturation magnetostriction can vary 
from a few ppm negative for cobalt-based wires to nearly 
40 ppm positive in iron-based wires. In suitably annealed 
samples this can result in rates of change of strain d}JdH 
and quadratic dependence X=cH2 that are as large as 
those found in amorphous ribbons [13], and much greater 
than those found in crystalline materials (Fig. 5).
A consequence of magnetostriction is the field 
dependence o f the elastic moduli, in particular the 
Young's modulus: the AE effect. The magnitude of the 
AE effect in wires can approach that of optimally 
annealed amorphous ribbons, with a maximum variation 
by as much as a factor of five [15]. Typical results are 
shown in Fig. 6. Similar behaviour is observed with the 
shear modulus, leading to a AG effect of comparable 
magnitude [16].
A less well known effect is magnetomechanical 
damping. This is the damping of mechanical oscillations 
by coupling between the mechanical displacement and 
irreversible wall movements. It can be a very large effect 
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IV. Po s t -Pr o d u c t io n  T re a t m e n t s
The metallurgy o f amorphous wire production 
determines the diameter of the as-cast wires to be in the 
range 100-200pm for the compositions that are 
magnetically interesting [1]. The rapid quenching process 
leaves a substantial residual stress in the as-cast wires. 
Estimates based on the measured anisotropy constant and 
saturation magnetostriction ( ^ - 3 1 2 ) ^ 0 )  put the residual 
stress a r at between 40 MPa and 330 MPa for a wide 
range of compositions [5], As-cast wires commonly 
exhibit the LBE and the associated Matteucci and inverse 
Wiedemann effects, and so may be used directly for 
applications based on these effects.
Features of as-cast wires that may make them 
unsuitable for other applications include the large 
anisotropy (typically ~  10 J/m  [5]) and spatial 
inhomogeneity [18]. In order to overcome the limitations 
set by these features, several kinds o f post-production 
treatment have been used . Another reason for 
post-production treatment of amorphous wires is to 
induce bistability in compositions that are not bistable in 
the as-cast state, particularly the near-zero 
magnetostriction Co-rich composition [19]. Suiprisingly 
large anisotropies (-1 0 0  J/m3) can be induced by 
annealing this alloy under stress [20]. The variety of 
treatments and effects is too large for a full description 
here; a summary is given in Table II.
V. D o m a in  M o d els
The basic core-shell model o f magnetic domain 
structure (Fig. 2) has proved very effective for 
understanding the magnetic behaviour of amorphous 
wires. However, as a result of recent studies it is 
necessary to refine the model. In this section we review 
these studies and discuss their implications for domain 
models.
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T A B L E  I I
POST -PRODUCTION TREATMENTS OF AMORPHOUS WIRES
T r e a t m e n t P u r p o s e C o m m e n t s R e f s
C o l d - d r a w i n g I m p r o v e  s u r f a c e  q u a l i t y .
I m p r o v e  c r o s s - s e c t i o n a l  u n i f o r m i t y .  
R e d u c e  d e m a g n e t i z i n g  f a c t o r .
P r o d u c e s  l a r g e  r e s i d u a l  s t r e s s ,  s o  a n n e a l i n g  
i s  r e q u i r e d  f o r  m a g n e t i c  u s e
[ 1 . 2 , 1 8 ]
F u r n a c e  a n n e a l i n g R e d u c e  r e s i d u a l  s t r e s s  a n d  a n i s o t r o p y  t o  
i m p r o v e  m a g n e t i c  s o f t n e s s .
I n d u c e  c o n t r o l l e d  s u r f a c e  c r y s t a l l i z a t i o n .
G o o d  t e m p e r a t u r e  u n i f o r m i t y  
N o  m a g n e t i c  f i e l d  
L i m i t e d  t o  s h o r t  s a m p l e s
[ 1 4 , 2 2 , 2 3 ]
C u r r e n t  a n n e a l i n g A s  f u r n a c e  a n n e a l i n g .
T h e  c u r r e n t  c a n  b e  s t e a d y  o r  p u l s e d  
( " f l a s h  a n n e a l i n g " )
Q u i c k  a n d  c o n v e n i e n t .
T e m p e r a t u r e  n o n u n i f o r m  b e c a u s e  o f  l o c a l  
i n h o m o g e n e i t i e s ;  a l s o  d i f f i c u l t  t o  m e a s u r e .
[ 1 4 ,  1 5 , 2 4 , 2 5 , 2 6 ]
C u r r e n t + s t r e s s  a n n e a l i n g I n d u c e  c o n t r o l l e d  a n i s o t r o p y D i f f i c u l t  t o  o b t a i n  u n i f o r m i t y [ 2 , 2 0 , 2 7 , 2 8 , 2 9 ]
A. Internal Stress Distribution
In its simplest form the core-shell model assumes a 
radial tensile stress in the as-cast state. Combined with 
positive magnetostriction this produces a radial easy axis. 
On the other hand, shape anisotropy favours axial 
magnetization. The resulting domain structure (Fig. 2a) 
consists of radially magnetized domains in the outer shell. 
The large demagnetization energy that would result from 
a pure radial domain structure is reduced by axial closure 
domains on the surface and along the core. The easy axes 
are thus either along the wire axis or perpendicular to it, 
and the moments in zero applied field make angles of 
either 0 or 90° to the axis, except in domain walls. 
Negative magnetostriction results in the "bamboo" 
domain structure shown in Fig. 2(b), with the easy axis 
circumferential.
The actual stress distribution inside as-cast wires has 
been the subject of some debate. Kinoshita et al [30] 
studied the effect of applied tensile and compressive 
stresses on the Matteucci voltage and nucleation field, 
and deduced that, in addition to the radial tensile stress, 
there is an axial stress that changes progressively from 
compressive at the surface to tensile at the centre. This 
would be completely consistent with the above domain 
structure.
Attempts to calculate the residual stress by considering 
the temperature gradients during quenching have resulted 
in conflicting pictures. Madurga and Hernando [31] 
modelled the quenching process with radial heat flow and 
a series of concentric solidifying shells. They calculated 
the radial stress in arbitrary units, and showed that it is 
positive for all radii, with a maximum near 0.7 times the 
wire radius rw . Liu et a l [32] also modelled the cooling 
process; their results for wire with a diameter of 60 pm 
show what appears to be the residual axial stress falling 
rapidly from ~1200 MPa compressive at the surface to 
zero at a  depth of about 20 pm. It then rise gradually to 
about 150 MPa tensile halfway in, finally falling to zero 
at the core (Fig. 7).
Velazquez et a l [33] calculate^ three components of 
stress: axial, radial and azimuthal. Their results (Fig. 7) 
for the axial and radial components are qualitatively
consistent with those o f [31] and [32], but the 
quantitative agreement with [32] is not close. The 
existence of the predicted azimuthal component is 
supported by measured asymmetry in the Mf-H z 
hysteresis loops.
Experimental studies of the internal stress have mainly 
involved measuring the dependence o f the remanence M, 
and switching field H* on applied axial stress ( e.g.[23, 
30, 34 35, 36] ). Typical o f these studies is [34] , in 
which the authors assume radial stress with a Gaussian 
distribution. They fit the experimental curves with 
various values of mean stress and dispersion, obtaining 
values of 6 MPa and 200-250 MPa respectively for best 
fit. Fig. 7 indicates that the dispersion is of the right order 
of magnitude, but neglect of residual axial and azimuthal 
stress components, and the assumption of a Gaussian 
distribution, are not well founded. A more recent study
[35] deduces a mean internal stress o f 150± 15 MPa from 
the stress dependence o f the switching field, based on 
calculation of the wall energy. The distribution of radial 
stress within the outer shell is derived from the stress 
dependence o f the remanence; the results show a broad, 
non-Gaussian distribution between 0 and 450 MPa.
400-I
Normalised radius
F i g .  7 .  C a l c u l a t e d  s t r e s s  d i s t r i b u t i o n s  i n  a s - q u e n c h e d  w i r e s .  
( a ) a z i m u t h a l ,  ( b )  r a d i a l ,  ( c )  a x i a l  [ 3 3 ]  ;  ( d )  a x i a l  [ 3 2 ] .  ( R a d i u s  
6 0  p m )
- 19-
Invited Paper A -1-02 Presented at EMMA'93 Kosice, Slovakia, 24-27 August 1993
The appearance o f a minimum in the stress dependence of 
the switching field at an applied axial stress of about 150 
M Pa [35] is matched by a maximum in the stress 
dependent wall mobility at the same stress [6], Both 
effects are consistent with a mean internal stress value of 
this magnitude.
B. Easy Axis Distributions
It is generally accepted that the dominant anisotropy 
mechanism in amorphous wires is that caused by stress 
and magnetostriction. In principle, therefore, it should be 
possible, given the internal stress distribution, to 
calculate the internal anisotropy at any point; in 
particular, the easy axis distribution should be calculable. 
Some care is needed in this step. The principle danger is 
in treating stress as a vector, rather than a tensor. This 
can result in easy axes at angles intermediate between 
the principle stresses [33], whereas the easy axis for 
positive magnetostriction is always in the direction of the 
largest orthogonal stress component. Consequently, the 
easy axis directions for principal stresses along and 
orthogonal to the wire axis should also be along and 
orthogonal to the wire axis; that is, in zero applied field, 
all moments should lie at angles of 0 or 90° to the axis. 
This is the situation represented in the original core-shell 
model (Fig. 2).
There is strong evidence that this picture is 
over-simplified. Three types o f experiment support the 
existence of a significant spread of easy axis angles in 
as-cast wires: second harmonic voltage measurements, the 
Matteucci effect and field dependent elastic modulus 
measurements.
When a small ac field is applied along the axis of a 
wire, moments in the core inclined at nonzero angles to 
the axis induce voltages in an axial pickup coil at twice 
the excitation frequency. Kinoshita [36] has used this 
effect to estimate the easy axes in the core of as-cast 
Fe-based wires to be inclined at angles between 40° and 
65° to the wire axis. Supplementary measurements o f the 
pulse voltages induced in short pickup coils are 
interpreted by assuming angles between 40° and 48°. The 
shell moments are not involved in these measurements 
because o f the closure domain structure.
The Matteucci effect normally appearswhen a sample is 
twisted, thereby inducing helical anisotropy. The 
measurement o f small Matteucci voltages in untwisted 
wires (e.g. [9]) shows clearly that some helical anisotropy 
exists in the as-cast state.
The third type of measurement that confirms a range of 
easy axis angles is the AE effect. It has been shown [37], 
that moment rotation through a full 90° results in a 
zero-field Young's modulus E0 equal to the saturation 
value, accompanied by a fall to a minimum at the 
anisotropy field HK, and a sudden return to the saturation 
modulus above HK. The field dependence of the ratio 
E/Es is a sensitive function o f the easy axis orientation
[38], the shear modulus can be used in a similar way. 
Measurements o f the field dependent elastic moduli have 
been used to study the behaviour of the easy axis 
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Fig. 8 shows the field dependence o f Young's modulus 
for an as-cast Fe-based amorphous wire. The value o f 
Ef/Eg is substantially less than one on the scale of the 
small overall effect, the modulus also shows a 
pronounced minimum. This behaviour can only be 
explained in terms of moment rotations between 45° and 
90°; that is, easy axes inclined between 45° and 90° to 
the axis. In this case, the moments responsible for the 
effect are predominantly in the shell, not the core, 
because the measured modulus is overwhelmingly 
determined by the material at larger radii for purely 
mechanical reasons. Similar results have been obtained 
with Co-based wire. It is interesting to note the 
suggestion, based on direct domain observations in [39], 
that the surface closure domains may not be exactly 
parallel to the surface. This supports the above argument.
The dispersion of easy axis angles throughout the 
volume of as-cast amorphous wires shows that the 
dominant stress axis must also vary. One mechanism that 
has been suggested [9] to explain this is that during the 
solidification process random twisting stresses are 
introduced. A further possibility is afforded by the 
microscopic voids that have been reported in the bulk of 
fractured amorphous wires [40], Although these are 
estimated to occupy less than 0.1%  of the volume, the 
distortion of the stress field around them could extend to 
a significantly greater fraction o f the material.
C .  The Current Status of Domain Models
The basic validity of the cor-shell model has been estab­
lished by extensive indirect experimental studies, and is 
consistent with direct surface domain observations that 
have been reported. A major problem with direct domain 
observations is that they can only be made on the surface, 
either of unpolished wires (e.g. [41, 42, 43]) or of 
polished flats [39, 43, 44], the domain structures inside 
the wire can only be inferred. However, by combining 
direct and indirect evidence it has been possible to build 
up a fairly detailed picture o f the domain structure, 
especially in as-cast F e„ jSi7JB 15 wire.
Recent studies of the variation o f remanence near the 
ends [45], and ac loss [46] in as-cast Fe-based wires 
suggest that the core does not consist of a single
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cylindrical domain. Instead the authors propose a 
zero-field tubular domain structure, consisting o f an inner 
core magnetized in the opposite direction to the remanent 
magnetization, and an outer tube magnetized parallel to 
the remanent magnetization. Near the ends o f the wire the 
two regions have approximately equal areas, consistent 
with the small remanence. At the centre the inner core is 
much smaller, so the outer tube occupies most o f the core, 
leading to the observed remanence ratio o f about 0.5. In 
alternating fields the 180° wall between the two regions 
oscillates, contributing to the loss. Other evidence [44, 
45] points to the existence o f  reverse spike domains at the 
ends.
The picture that emerges from thes studies reviewed 
here is that in the as-cast state o f  the highly 
magnetostrictive Fe-based amorphous wires, the domain 
structure is basically as shown in Fig. 2, but modified by
(a) tubular core domains, with reverse spikes at the ends;
(b) helical component o f magnetization in the core; and
(c) a distribution o f  easy axes the shell. Further study is 
needed to clarify our understanding o f the internal 
domain structure.
V I. A pp l ic a t io n s
Applications o f  amorphous wires have been proposed 
that utilise all the basic phenomena described in Section 
II. A good review o f  applications proposed up to 1990 
has been given in [2]. This survey attempts to 
supplement and update that review.
A. Applications B ased on Effective Permeability
Amorphous wires are attractive as magnetic cores 
because they are small, can have high permeability and 
good frequency response. Several applications based on 
amorphous wire cores have been demonstrated.
The largest group o f  applications is based on a device 
originally described by Mohri [47] for use with ribbon 
cores. The device is a multivibrator circuit whose 
frequency depends on the effective permeability o f two 
amorphous cores, acting in push-pull. The effective 
permeability depends on the applied dc magnetic field, 
and the output o f  the device, in a suitable feedback 
arrangement, is a voltage that varies linearly with field. 
By adjusting the feedback circuit a voltage o f ±15V can 
be obtained for fields o f  ±5 mT to ±90 mT [48], The 
linearity and calibration factor are maintained over a 
temperature range from -196°C to +180°C [49]. The 
frequency response extends to at least 5kHz [48].
In addition to its use as a f ie ld  sensor, with a sensitivity 
o f 0.1 pT for dc and 10 pT for ac [48], the device can be 
adapted as a current sensor for busbar currents up to 300 
A at up to 5kHz [49]; and for measuring secondary core 
motor currents o f  a few  amps, at temperatures up to 
180°C, and in the presence o f  stray fields and rotor 
vibration [49]. Other applications include 
high-resolution rotary encoding [48], and as a 
mechanocardiogram, using a small magnet on the body 
surface to produce field fluctuations [51]. Various 
arrangements o f  more groups o f  cores can be configured 
as torque sensors for static and dynamic torque
measurement, free from the large temperature sensitivity 
that accompanies magnetostrictive torque sensors [49,52].
A device related to the Mohri multivibrator has been 
described by Kozak et al. [53]. In this the inductance o f  a 
coil containing the amorphous wire core forms part o f  a 
resonant circuit. The feedback voltage required to 
maintain stable oscillation varies almost linearly with 
external field at up to 5 mT, and the noise level is ~0.1 
HT.
A novel configuration for a f ie ld  sensor recently been 
described by Mohri et a l  [54]. Based on what the authors 
call the magneto-inductive (MI) effect, it utilises the 
circumferential field produced by a current in a wire with 
a circumferential domain structure to produce a 
circumfer- ential flux change. This, in turn, produces a 
voltage across the end o f  the wire. An external axial field  
reduces the voltage, so the device acts as a f ie ld  sensor. 
For use as a field-sensing element (Mi-head) a 
low-magnetostriction FeCoSiB wire is folded into a 
hairpin shape 5 mm long. It is excite by a current o f  30 
mA at 10 kHz. A dc field o f  0.4 kA/m parallel to the wire 
axis reduces the induced voltage by 40%. Two 
applications o f  this Mi-head are described: a rotary 
encoder and a cordless data tablet. In a later paper [55] 
the element is analysed as a field-dependent inductance 
element. Functionally it behaves very like the Matteucci 
element in Fig. 3(b), although it does not require any 
twisting o f  the wire.
A rather different application o f  high-permeabi- 
lity amorphous wire cores is as p lan ar inductance 
elements. These consist o f a woven combination o f  copper 
current-carrying elements and bundles o f  very fine (5 pm 
- 30 pm) amorphous wires, obtained by etching. Typical 
performance o f  an inductor element is L=10 pH, with a Q 
factor o f >10 from 0.5 -1 0  MHz [56]. Transformers with 
coupling coefficients o f  0.96 can be made to operate up to 
20 MHz.
B. Applications Based on Pulse Effects
One o f  the earliest suggestions for utilising the LBE 
in amorphous wires was as pulse generator elements. An 
alternating field applied to a bistable wire produces a 
sharp voltage pulse in a surrounding pickup coil each 
time the field goes through the switching field H *. The 
sharp flux transition results in a signal spectrum 
extending to high frequencies, thus enabling objects 
to be tagged for identification purposes. In 
as-quenched wires the switching fields are inconveniently 
low, and a minimum length o f  6-7 cm is required for 
bistable behaviour. Cold drawing FeSiB wires down to 50 
pm, followed by annealing under tension, allows the 
critical length to be reduced to 2 cm and also provides 
limited control over H* [57]. Pulse voltages o f  0.3 mV  
per turn were reported. COj^FejjSi^j drawn to 30 pm 
or 50 pm, and annealed under tension has been shown to 
provide accurate control over H* up to 0.23 mT for pulse 
generator elements as short as 1 cm. A possible 
application for several such wires is as binary coded  
object markers for identification purposes [58].
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The bistable behaviour o f  magnetostrictivee wires is 
sensitive to applied stress. The effective small signal ac 
permeability can thus be modified by the application o f  
stress. Wun-Fogle et a l  [28] have suggested the use o f  
this effect as a sensitive strain gage for use in torque 
sensing. The estimated figure o f merit is ~2000, 
compared with the typical value o f 2 for resistive strain 
gages. More detailed characterisation o f this device is 
needed for a proper assessment o f its potential.
A  data tablet based on the perpendicular Matteucci 
effect (Fig. 3(c)) has been demonstrated by Kimura et al. 
[10] A 40 x 40 array o f 50 pm folded, 
nonmagnetostrictive FeCoSiB wires, spaced at 5 mm 
intervals, was powered by a 5 mA dc applied to each wire 
in turn. The pen was in the form o f a cored coil, excited 
at 140 kHz. The field produced by the pen was 
perpendicular to the axis o f  the wires, and the amplitudes 
o f  the Matteucci voltages at 280 kHz was decoded to 
calculate the position to within an estimated 0.1 mm at a 
data rate o f 100 points per second.
The Inverse Wiedemann effect has been proposed for 
use as a magnetic f ie ld  sensor [59]. A current o f 50 mA 
rms was passed through the twisted FeSiB wire. The 
frequency was varied from 40 Hz to 5 kHz and the second 
harmonic signal measured as a function o f applied dc 
Geld. Linear behaviour was observed at fields up to 20  
pT, with a sensitivity o f  20 V/mT at 5 kHz. In an area o f  
sensing so well covered by other techniques, this 
application should perhaps be regarded as ail interesting 
novelty.
C. A p p lic a tio n s  B a se d  on  M agn etom ech an ica l 
E ffec ts
The magnetostrictive response o f wire has been utilised 
in a recent version o f  the Fibre-Optic Magnetometer [60]. 
In this system a magnetostrictive element attached to a 
length o f  optical fibre produces a phase change in one 
arm o f a Mach-Zehnder interferometer, when the external 
field is  altered. In earlier versions o f  the system 
amorphous ribbons were used as the magnetostrictive 
elements. The use o f  an annealed, cold-drawn 100 pm 
FeSiB wire, 5 cm long, improves the performance by 
virtue o f  the reduced demagnetizing effect o f the wire. 
The reported sensitivity was 1.7 nT /^H z at a measuring 
frequency o f  1 Hz.
Magnetostrictive delay lines (MDL) allow the 
possibility o f position sensing deduced from the time o f  
arrival o f a pulse. In this device a small coil excites a 
magnetostrictive pulse at one point along a wire or 
ribbon. The pulse propagates along the wire at the speed 
o f  sound, and is detected by the voltage induced in 
another small coil some distance away. The propagation 
and detection o f  magnetostrictive waves (sometimes 
called Magnetoelastic waves, or MEW) along amorphous 
wires has been studied by Masuda and Kakuno [18], who 
showed how important scattering <^n be, and how it can 
be improved by cold drawing and annealing. An 
application o f  a MDL to displacement sensing has been
described by Hristoforou and Niarchos [61]. In their 
arrangement FeSiB and FeCoCrSiB wires were used. The 
amplitude o f the transmitted voltage pulse depends on the 
bias field at the position o f  the transmitting and sensing 
coils, and can therefore be used to measure the position o f  
a bias magnet. A  quasi-linear response was obtained over 
a range o f up to 20 mm. Suggestions for one and two 
dimensional arrays o f such sensors are given, but no 
results. The authors identify nominiformity o f  the wire as 
the major limitation, as indicated in [18]. This application 
therefore also requires further development before 
becoming technically attractive.
V II. C o n c l u s io n s
The properties o f amorphous wires, both in the 
as-quenched state, and a fter ' a w ide range o f  
post-production treatments, are now w ell characterised. 
The basic core-shell domain structure can be used as the 
basis for explaining a wide range o f  magnetic and 
magnetomechanical behaviour. It appears that the 
simplest models o f moment distribution in core and shell 
must be modified to allow significant spread o f  easy axis 
directions.
Applications o f most o f  the phenomena observed 
in amorphous wires have been proposed . Some o f these 
are unique to wires, depending on the core-shell domain 
structure. Others are developments o f  applications 
already developed with amorphous ribbons. There are, as 
yet, very few applications that can be regarded as fully 
commercial. Further development o f  material technology 
and signal processing may change this conclusion in the 
next few years.
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A mathematical model is proposed for an amorphous magnetic ribbon that has been field-annealed in the ribbon plane at 
an arbitrary angle to the ribbon axis. The model includes the effects of uniaxial anisotropy, magnetostatic energy, 
magnetoelastic energy and domain wall energy, which are minimized to obtain the equilibrium state. From the resulting 
equations the magnetization, engineering magnetostriction and Young's modulus may be derived as functions of the applied 
field and system parameters. These parameters are mostly found directly from experimental data. Explicit expressions are 
presented for the quantities of greatest interest in device applications, together with graphs showing typical results. The 
assumption of single values for the system parameters leads to features in the derived magnetic properties that are not 
observed experimentally, and it is suggested that using distributions for one or more parameters may allow these features to be 
more satisfactorily modelled.
1. Introduction
T he use o f  am orphous m agnetic ribbons in 
devices is attractive for m any reasons [1,2]. A m ong  
the applications are several that m ake use o f  the 
particularly strong m agnetostrictive and m agneto­
e lastic  properties o f  su itab le  ribbons, together w ith  
their very good  so ft m agnetic  properties. In order 
to  understand h ow  the m aterial w ill behave in  
such devices it  is  u sefu l to  have sim plified  m odels  
o f  the m aterial that a llow  the calcu lation  o f  the 
m agnetostrictive respon se and  elastic  m odulus as 
functions o f  the ap p lied  fie ld . Ideally  these m odels  
w ould  start from  the m icroscop ic state; unfor­
tunately  it  is  n o t yet p oss ib le  to  carry through  
such  calcu lations, a lthough  considerab le progress 
has been  m ade in  ca lcu lating  the linear m agneto­
striction  param eter As [3,4]. T h e m agnetoelastic  
behaviour can  b e  d ed uced  from  the m agnetostric­
tion  and the dom ain  structure [5]; early m odels o f  
the A £  effect [6,7] assu m ed  the sim plest possib le  
d om ain  structure, con sistin g  o f  transverse stripe 
dom ains.
In this paper a m odel is developed for the  
m agnetization, m agnetostrictive response and A E  
effect in  am orphous ribbons having stripe d o ­
m ains at arbitrary angles. T he m otive for studying  
such a system  is tw ofold: first, the intrinsic prop­
erties m ay be usefu l for som e applications; sec­
ondly , it enables properties o f  nonideal system s to  
be deduced. N on id ea l system s are taken here to  
m ean those in  w hich  on e or m ore o f  the param e­
ters are n ot single-valued. For instance, indirect 
evidence o f  a  distribution  o f  m om ent angle has 
recently been presented by  M elam ud et al. [8], and  
by B ucholtz et al. [9]; direct evidence from  
polarized neutron scattering has been reported by  
C ow ley et al. [10]. M oreover, there are inevitable  
residual stresses in  real materials, leading to local 
variations in  the an isotropy direction and m agni­
tude. A  later paper w ill extend the m odel to  
include som e o f  the effects o f  averaging that result 
from  these variations. T he m odel is anhysteretic, 
and is restricted to  low -frequency conditions such  
that w all dynam ics and eddy current effects m ay  
b e ignored.
0304-8853/90/J03.50 © 1990 -  Elsevier Science Publishers B.V. (North-Holland)
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* 4 "  |A sa [ a  sin2(0 -< f> ,)
+  ( l - a ) s i n 2(0  +  <*>2) ] ,  ( l c )
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2. M athem atical model
Fig. 1 show s the  co o rd in a te  system  used to 
describe  the p rob lem . T he  ap p lied  field H  acts 
a long  the ribbon  axis. T he  easy  axis m akes an 
angle  0 w ith the rib b o n  axis, an d  in the  dem ag­
netized  s ta te  the d o m ain  s tru c tu re  consists o f  re­
gions o f  equal w id th  d  in  w hich  the m om en ts  M  
are  aligned a long  the  easy  axis in  a lte rn a te  d irec­
tions. T he effect o f the  app lied  field is to  tilt the 
m om ents aw ay from  the easy axis by angles 
an d  <t>2 tow ards H . F o r 0 o th e r  th an  9 0 °  an  
app lied  field also m oves the  d o m ain  w alls. L et x  
den o te  the wall d isp lacem en t in the axial d irec tion  
from  its  equ ilib rium  p o sition ; x  sin 0 is then  the 
d is tance  m oved by the w all p e rp en d icu la r to  its 
length. M ore realistically  the  do m ain  w alls should  
be considered  to  bow  on  acco u n t o f su rface  p in ­
n ing  [11]. H ow ever, in o rd e r  to  sim plify  the a n a ly ­
sis the w alls will be taken  as p lan e ; x  thu s rep re ­
sen ts the m ean axial wall d isp lacem en t.
T h e  analysis follow s the  usual m ethod  o f m in i­
m izing the free energy. T he free energy d ensity  is 
w ritten  as the sum  o f the  un iax ia l an iso tropy  
energy density  Ua, the m ag n e to sta tic  energy d en ­
sity  Um, the m agnetoelastic  energy  density  Ue, and  
the w all energy density  Uw,
t / = l / .  +  t/m + t / e + £ /w,
w here
£/a =  K  [ a  sin 2^  +  (1 -  a )  sin2<#>2] , ( l a )
Uw -  -  a)c o s (0  +  * 2)
— aco s (0  — 4>i)]. ( l b )
CT
F i g .  1 . G e o m e t r y  o f  d o m a i n  s t r u c t u r e  a s s u m e d  i n  t h e  m o d e l .
and
Uw =  w x 2A  sin20. ( I d )
In  these expressions Xs is the  sp o n tan eo u s m agne­
tostric tion , and  o is the  stress, a  is the fraction  o f 
the volum e occupied  by  m o m en ts  a t angle <f>,, 
w hich can be seen from  fig. 1 to  be given by
a  = \ + x / d .  (2 )
T h e  wall energy is rep resen ted  in  eq. ( Id )  in  the 
sim plest w ay by a  single p a rab o lic  po ten tia l, in 
w hich w deno tes the m ean  w all stiffness and  A  is 
the  wall area per un it volum e. T h is is p ro b ab ly  the 
biggest sim plify ing a ssu m p tio n  in  the m odel, b u t 
does allow  the m ain  fea tu res o f reversible wall 
m otion  to  be inc luded . T h e  equ ilib rium  sta te  is 
found  by setting
a f / / 8 4 > ,  =  a  £ //8 < * > 2 =  a £ / / 3 x  =  0 .
T he three resu lting  eq ua tions are  
K  sin 2<#>, — n 0M sH  s in (0  -  <#>1)
-  fA^o s in { 2 ( 0 -<*>,)} = 0 ,  (3 )
K  sin 2<fc — n 0M sH  s in (0  +  <t>2)
+  |A so s in { 2 (0  +  <#>2)} =  0 (4)
and
Xr(sin2<J>j -  sin2<#>2) -  n 0M sH { c o s (6  -  <J>j)
+  cos( 0 +  <#>2 )}
+  |X so { s in 2(0  -  <*>,) -  sin2( 0  +  <f>2)}
-l- 2dw xA  sin20 =  0. (5 )
T hese  m ay be solved to  find  <#>2 an d  x  in term s 
o f  the variab le  H  and  the m ateria l param eters  K , 
A*s, As, o, w, d  and  A . T h e  eq u a tio n s  for <#>, and  
<>2 can n o t be solved explicitly  excep t in the special 
cases 0 =  0 and  0 =  90 ° (see below ), bu t eq. (5) 
can  be solved d irectly  to  give
x / d =  ( 1 / 2 d 2wA sin20 ) [ / i oM s/ /{ s in ( 0  -  <f>})
+ cos( 0 +  <f>2)} -  K (s in 2<f>, — sin2<|>2 )
- ( 3 A so /2 ) { s in 2(0  — <f>,)
— sin2(0  +  <#>2)} ] - (6 )
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T he num ber o f  param eters can  be reduced by  
d efin in g  the fo llow in g  quantities:
H u =  2 K / f t 0M s (an iso trop y  fie ld ), (7 )
h =  H / H ,  =  fi0H M s/ 2 K  (reduced  fie ld ), (8 )
y  =  3 X sa / 4 K  (reduced  strain
en ergy ), (9 )
and
f i - A / w  (w all p aram eter). (10 )
T he values o f  ^  and x  found  by solving  
eqs. (3 ) - (5 )  determ ine the net m agnetization  ( M )  
o f  the ribbon, w hich  is given  by
( M ) / M s =  a  c o s ( 6  — <*,) — (1 — a )  c o s (0  +
From  (2 ) this m ay b e w ritten in  the form
-  £ { c o s ( 0  c o s (0  +  < ^ ))
(m om en t rotation)
+  { x / d ) { c o s ( 0  — <>,) +  co s( 0 +  <f>2 ) }  
(w all m o v em en t). (1 1 )
T w o special cases are im portant, nam ely w hen  
6 =  90  0  and w hen 6  =  0.
C ase 1: 6  — 9 0 °
It fo llow s from  eqs. (3 ), (4 ) that $ 1 =  <J>2, and  
from  eq. (5 ) that x  =  0. That is, for transverse 
dom ains m agnetization  proceeds b y  m eans o f  m o­
m ent rotation on ly . Eq. (11 ) then leads to  the w ell 
know n results
-  sin 4 -  p0M,H/(2K -  fXs„)
( O s J s i - r ) ,  (12)
( h >  1 —y )
and the susceptib ility  for transversely annealed  
ribbon
x (90 ‘ ) ~ t 0M,2/ ( 2 K - l \ f l ) .  (13)
It is conven ien t to  in troduce an effective ani­
sotropy  energy den sity  K ' ,  g iven  by
K '  =  K - \ \ to  =  K { \ - y )  (14 )
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to  sim plify the form  o f  these relations, w hich then  
becom e
=  ^ 0M , H / 2 K '  (12a)
and
x (9 0 °) *  ii0M 2/ 2 K ' . (13a)
Case 2 : 6  =  0
In this case <pl =  <f>2 =  0. T he geom etry o f  fig. 1 
apparently breaks dow n  here, but by su itab ly  re­
arranging the expressions any d ifficu lty  as 6 -*  0  
can be avoided. From  eq. (5)
x  = il0MsH  cos 0 /d w A  sin20, (15)
and from Eg. 1 the w all area per unit volum e A  is  
given by
A  =  1 / d  sin  6 . (1 6 )
From  eq. (11)
( M ) / M % =  ( 2 x / d )  cos 6.  (1 7 )
C om bining eqs. (1 5 ) -(1 7 )  gives
< M > /M S =  2 /i0M SH  cos26 ( A / w ) ,  (1 8 )
and for the susceptib ility  o f  a longitudinally  an­
nealed ribbon
x(0) — 2 p 0M 2f3, (19)
where ft is the w all param eter defined in  (10).
E xpressions (13a) and (19) m ay be com bined  to  
give
c  =  x ( 0 ) / x ( 9 0 °  ) =  AfUK'. (2 0 )
Eqs. (8), (9), (14), (16) and (20) are now  sub­
stituted in to  (6) to  g ive for the w all m ovem ent
(  4 (1  —~y )  ) [ ^  ( c o s ( g — ^») +  (co s (fl +  <ft2) }
+   ^(s in 2<#>2 — sin24>,) — y  { sin2 ( 0  — <#>,)
— sin2( 0  +  >^2 ) } ] .  (2 1 )
T his expression  w ill be used to  calculate the m ag­
netic properties o f  interest in the fo llow ing sec­
tions. N o te  that it contains four exp licit param e­
-27-
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F i g .  2 .  N o r m a l i z e d  m a g n e t i z a t i o n  m a g a i n s t  r e d u c e d  f i e l d  h f o r  v a r i o u s  a n n e a l  a n g l e s  0 a n d  r e d u c e d  s t r a i n  e n e r g y  y  c a l c u l a t e d  f r o m
e q s .  ( 2 1 ) ,  ( 2 2 ) .  ( S u s c e p t i b i l i t y  r a t i o  c  — 1 0 . )  ( a )  y  — 0 ;  ( b )  y  -  0 . 2 5 .
ters: the wall angle 0, the susceptib ility  ra tio  c, the 
an iso tropy  energy density  K , and  the relative stress 
y. T he  first three o f these m ay be readily  estim ated  
from  experim ental da ta . T he applied  field en ters 
explicitly  th rough  the variable h , an d  im plicitly  
th rough  the m om ent ro ta tions <£,, <f>2, given by 
eqs. (3) and  (4), w hich can  now  be w ritten  in the 
norm alized  form s
sin 2 <f>j -  2h  s in (0  -  <J>,)
— 2 y sin { 2( 0 — <f>t )} =  0 , (22 )
sin 2<f>2 — 2 h s in (0  +  <f>2)
+  2 y sin  {2( 0 +  <J>2 )} =  0. (23)
3. M agnetization  curves
T he m agnetiza tion  curve M ( H )  is thus given 
by eq. (11), w ith x / d  given by  eq. (21). T he 
norm alized  m agnetization  m is thus
m — ( M  ) / A / s =  § [cos( 0 — <pt ) — cos( 6 +  <#>2 )]
+  [ c / 4 ( l  -  y ) ] [ c o s ( 0-< f> ,) +  co s(0  +  <f>2)]
X  |  h  [cos( 6  -< # > ,) +  cos( 8  +  <#>2 )]
«
-  ± (s in20, -  sin 2^ ) -  y [sin2 ( 6  -  <*>,)
— sin2( ^  +  4>2) ] } ( x < d / 2 ). (24 )
T h is expression  ho lds fo r ap p lied  fields low  enough  
for x  ^  d / 2  (fig. 1), th a t is un til ad jacen t d om ain  
w alls jo in . F o r  app lied  fields h igher than  th is the 
rib b o n  is in  sing le-dom ain  s ta te , an d  m agnetiza­
tion  p roceeds by m eans o f m om en t ro ta tio n  alone. 
T h e  co rresp o n d in g  expression  fo r the no rm alized  
m agnetiza tion  is
m  =  cos( 0 — <t>}) ( x >  d / 2 ) .  (25 )
E xam ples o f no rm alized  m agnetiza tion  curves 
ca lcu la ted  from  eqs. (24) an d  (25) a re  show n in 
figs. 2 an d  3.
F o r o p e ra tio n  o f devices in  sm all app lied  fields 
it is useful to  have values fo r the  in itia l suscep tib il­
ity  Xo f ° r various values o f  0 ,K  an d  a. T hese  are  
o b ta in ed  by  ex p and ing  (24) fo r h «  1. U n fo r­
tunate ly , <>, an d  <f>2 a re  fun c tio n s o f b o th  h an d  y , 
an d  as a resu lt the explicit expression  for the 
general case is too  com plica ted  to  be useful. F o r 
zero  stress ( y  =  0) the  expression  is
X o  =  ( » * o W i V 2 ^ ) ( s i n 2 t f  +  c c o s 2 # )  ( y  =  0 )
( 2 6 )
- ( m „ W ,2/ 2  K ) g ( e ) ,  (27 )
w here
g(0) =  sin20 +  c c o s 20. ( 2 8 )
F o r n o nzero  stress the suscep tib ility  is m ost easily  
o b ta in ed  from  the com pu ted  g rad ien t o f  the m / h
- 28 -
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curves a t the o rig in . Illu stra tive  resu lts a re  show n 
in  figs. 4 an d  5.
4. M agnetostriction
4.1. Engineering m agnetostriction
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F i g .  4 .  N o r m a l i z e d  s u s c e p t i b i l i t y  m / h  a t  l o w  F i e l d s  a g a i n s t  
a n n e a l  a n g l e  0 f o r  v a r i o u s  v a l u e s  o f  r e d u c e d  s t r a i n  e n e r g y  y.
fo r the tw o types o f  dom ain  in fig. 1 are  given by
<i “  i * s [cos2(0  i ]  (29)
and
«2 =  7A$[cos2(0  +  <h) ~  } ]• (30)
T he engineering  m agne to stric tion  \ e, defined  as 















F i g .  5 .  N o r m a l i z e d  s u s c e p t i b i l i t y  m / h  a t  l o w  f i e l d s  a g a i n s t  
r e d u c e d  s t r a i n  e n e r g y  y  f o r  v a r i o u s  a n n e a l  a n g l e s  0.
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given by 
=  +  (1
Substitu ting  for a  from  (2) an d  for el5 c 2 from  
(29), (30), an d  d ro p p in g  the  co n stan t 3 , one  finds 
for the effective leng th  change
K A s -  t  { I  [cos2 (0  -<*>,) +  co s2 (6  +  <f>2)]
+  ( x / d ) [c o s 2 (0  -  <f>j ) -  co s 2 (6  +  )] } .
( 3 1 )
Expressions (21), (31) m ay  now  be used to  give the  
com plete expression  for Xe in the  wall m ovem ent 
regim e as
^ [eos2( ^  — <#»!> +  co s2 ( 0  +  <f>2)]
+  [ c / 4 ( l  — y ) ] [ c o s 2 ( 0 -<*>!)
-  COS2 (  0 +  <f>2 ) ]  { h [ c O S (  6 -  <f>j )
+  cos( 6 + <f>2)] — 3  (s in 2^ !  -  sin2<#>2 )
- y [ s i n 2 ( 0  -< # > ,) -  sin2 ( 0  +  (fc)] }
( x z d /  2 ) . (32 )
As before, a t a critica l value o f  the  app lied  field 
wall m ovem ent is com plete , an d  fu rther increase
90 :1
0, 210
F i g .  6 .  N o r m a l i z e d  e n g i n e e r i n g  m a g n e t o s t r i c t i o n  a g a i n s t  r e ­
d u c e d  H e ld  h f o r  v a r i o u s  a n n e a l  a n g l e s  0 c a l c u l a t e d  f r o m  e q s .  
( 2 2 ) ,  ( 2 3 ) ,  ( 3 2 ) ,  ( 3 3 )  ( y  — 0 ) .
in  field resu lts  in the  sim pler expression  
XeA ,  =  i [ c o s 2( # - * , ) ]  ) .  (33)
T ypical resu lts  o b ta in ed  from  (32), (33) a re  show n 
in  figs. 6 an d  7.
4.2. Q uadratic coefficient o f  engineering m agneto­
striction
F o r devices o p e ra tin g  in  ap p lied  fields near 
zero  th e  eng ineering  m ag n e to stric tio n  can  be ap ­
p rox im ate ly  expressed in  the  form
\ e = cqH 2 ( / / s m a l l ) ,  (34)
w here cq is called  the  quadratic coefficient o f  m ag­
netostriction , o r  ju s t  the quadratic coefficient. cq 
can  be found  be ex p and ing  (32) to  o rd e r  h 2. As 
w ith  the  suscep tib ility , th e  an a ly tica l expression  
fo r the  general case inc lud ing  s tress is to o  com ­
p lica ted  to  be  useful. F o r  zero  stress th e  expres­
sion  is
Cq =  ! / ( » ) (  Mo (35)
w here
/ ( 0 )  =  t [ ( c — 1) sin220  — 2 sin20 cos 2 Q \. (36)
G ra p h s  o f  th is expression  a re  show n  in  fig. 8.
In  p rac tice  it m ay  n o t be poss ib le  to  achieve a 
m agneto stric tive  response  as large as th is because 
o f  dem agnetiz ing  effects. A s a  re su lt o f  th e  finite 
dem ag n e tiza tio n  fac to r o f m ost device geom etries 
th e  effective field in the  r ib b o n  is ap p rec iab ly  less 
th an  the  app lied  field. In  o rd e r to  fac ilita te  com ­
p ariso n  betw een  d iffe ren t geom etries it is usefu l to  
define  an  intrinsic quadratic coefficient Cq , defined  
by  the re la tionsh ip
K  = Cq M 2. (37)
S ince
„ - x o ,
i t  follow s from  eqs. (27), (28) a n d  (37) th a t 
CQ = i ( \ y M , 2) q ( e ) ,  (38)
- 30 -
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F i g .  7 .  N o r m a l i z e d  e n g i n e e r i n g  m a g n e t o s t r i c t i o n  a g a i n s t  r e d u c e d  f i e l d  h f o r  v a r i o u s  v a l u e s  o f  r e d u c e d  s t r a i n  e n e r g y  y  c a l c u l a t e d  f r o m
e q s .  ( 2 2 ) ,  ( 2 3 ) ,  ( 3 2 ) ,  ( 3 3 ) .  ( a )  6  -  9 0  ° ; ( b )  0 -  7 5  ° ; ( c )  6 =  4 5  ° .
w here from  (35), (36)
mq ( o )  = U(*)]2
( c  -  1) sin220  -  2 sin2# cos 26
(39)
2 (s in2^ +  c co s20 )
G rap h s  o f  the  fu n c tio n  q ( 6 )  a re  show n in fig. 9.
5. A E  effect
E  is ca lcu la ted  fo llow ing  L ivingston [2] by  w rit-
(40)
ing
\ / E  =  d e / d a .
T he stra in  is w ritten  as
(4 1 )
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F i g .  8 .  F u n c t i o n  f (0)  u s e d  t o  c a l c u l a t e  q u a d r a t i c  c o e f f i c i e n t  o f  
m a g n e t o s t r i c t i o n  f o r  v a r i o u s  v a l u e s  o f  s u s c e p t i b i l i t y  r a t i o  c  [ s e e  
e q .  ( 3 6 ) ) .
N ow
w here the sa tu ra tio n  stra in  es is given by
<s =  <J/ £ s.
and  E s is the  sa tu ra tio n  m odulus.
A lso
CH = ««1 + 0  “ «)«2 
=  fA s [ a c o s 2( 0 -<*>,)
+  (1 -  a )  co s2(0  +  <fc)]. (43 )
1
q(0)
0 3 0 6 0 9 00
61°)
F i g .  9 .  F u n c t i o n  q(0)  u s e d  t o  c a l c u l a t e  i n t r i n s i c  q u a d r a t i c  
c o e f f i c i e n t  f o r  v a r i o u s  v a l u e s  o f  s u s c e p t i b i l i t y  r a t i o  c [ s e e  e q .  
( 3 9 ) ] .
3c 3c, 3<f>, 3c2 d<f>2
3a  3<#>, 3o +  3<#>2 da (4 4 )
T he p artia l derivatives on  the  rig h t-h an d  side o f 
(44) are  found  from  eqs. (22), (23), (29) and  (30); 
the result is
3 t  _  9  M  / _ _ _ _ _ _ _ _ _ _ _ _ a s i n 2 2 (  *  — « > ,) _ _ _ _ _ _ _ _ _ _ _ _ _
do  8  K  (  c o s  2<f>, +  h cos(0 — $ , )  +  2 y  c o s  2 ( 0  — $ , )
(l-a)sin22(0 + ij)
c o s  2 «j>2 -  h c o s (  6 +  )  +  2 y  c o s  2 (  6 t s t )- (45)
F o r convenience the function  in  large paren theses  
will be den o ted  by F (h \ 6 , y ) .  T h e  A E  effect can  




Q  X2 E
| - j - ± F ( A ; « , ' Y ) .  (46 )
T he full expression  for F(h;  6, y )  in  (45) app lies 
on ly  for a < 1. F o r a  ^  1 the s im p ler expression
(42 ) F ( h , e , y )
sin2 2 (0  — <#>,)
cos 2<f>, +  h cos( 6 — </>,) +  2 y cos 2( 0 — <f>,)




F i g .  1 0 .  F u n c t i o n  F(h\ 6, y )  u s e d  t o  c a l c u l a t e  t h e  A  £  e f f e c t  
f o r  v a r i o u s  v a l u e s  o f  0 (y  -  0 )  [ s e e  e q s .  ( 4 5 ) —( 4 7 ) ] .
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Y = 0
h
Y  = 0
F
1 5
<K 0 3 0 2 Y = 0
F
F i g .  1 1 .  F u n c t i o n  F(h\  0 ,  y)  u s e d  t o  c a l c u l a t e  t h e  A £  e f f e c t  f o r  v a r i o u s  v a l u e s  o f  r e d u c e d  s t r a i n  e n e r g y  y:  ( a )  0  -  8 0 ° ;  ( b )  0  — 8 5 ° ;
( c )  0 - 8 9 ° .
F o r com parison  w ith  experim en ta l d a ta  o f 




l + ( 9XJ, £ y 8A:)F(A; r )  '
(48)
E xam ples o f  the  A E  effect ca lcu la ted  from  these 
expressions a re  show n in  figs. 10 -12 .
6. D iscussion
T he m agnetiza tion  cu rves in  fig. 2a show  the  
expected q u a lita tive  b eh av io u r in  a  stress-free  r ib ­
bon  as the  do m ain  angle varies from  0  to  9 0 ° ;  
along the axis ( 6  = 0)  m ag n e tiza tio n  is by  m ean s 
o f dom ain  w all m ovem ent on ly , an d  fo r th e  single
- 33 -




F i g .  1 2 .  E l a s t i c  m o d u l u s  r a t i o  £ / £ ,  a s  a  f u n c t i o n  o f  t h e  
n o r m a l i z e d  a p p l i e d  H e l d  f o r  v a r i o u s  v a l u e s  o f  0 . c a l c u l a t e d  
f r o m e q .  ( 4 8 ) .  y  -  0 ,  £ - 1 0 0  J  m ~ \  X , - 4 0 x l O - 6 .
wall p o ten tia l assum ed  in the m odel th is resu lts  in 
a linear increase in  m agnetiza tion  un til the  w alls 
m eet each o ther. F o r  transverse dom ains m agneti­
za tion  is by  m eans o f m om ent ro ta tio n  only , an d  
follow s the w ell-know n linear p a th  to  sa tu ra tio n  a t 
H  =  / / .  (h  =  1). T h e  d ifference in g rad ien ts  fo r 
the tw o lim iting  cases is set by the  cho ice o f  the 
suscep tib ility  ra tio  c, defined  in eq. (20); in  all the 
ca lcu la tions rep o rted  here  this has been taken  as 
10, based  on  em pirica l observations o f typical 
com m ercial am o rp h o u s  ribbons.
F o r in te rm ed ia te  dom ain  angles the  curves a re  
the  resu lt o f co m b ined  m om ent ro ta tio n  an d  w all 
m ovem ent. T he  re la tive  co n tribu tions o f the  tw o 
processes change w ith  8, wall m ovem ent being  
d o m in an t fo r sm all angles and  m om en t ro ta tio n  
being  d o m in an t fo r large angles. T he knee in  the  
curves co rresp o n d s  to  the end o f w all m ovem ent 
( x  =  d / 2  in fig. 1); since wall m ovem ent has been  
m odelled  by  a  single po ten tia l the tran s itio n  to  
m om ent ro ta tio n  is ab ru p t. T he su bsequen t a p ­
p roach  to  sa tu ra tio n  is con tro lled  by m om en t ro ­
ta tio n  fo r all ang les g rea ter th an  0. I t is n o t 
a p p a re n t in  these curves, b u t there  is a  second w ay 
in w hich w all m ovem en t can  finish, nam ely  by 
m om ent flipping. T h e  m om ents th a t a re  in itia lly  
opposed  to  th e  ap p lied  field (labelled  by <f>2 in  fig.
1) becom e un stab le  a t a critica l value o f h , flip­
p ing  to  the angle ; if th is occu rs befo re  x  =  d / 2  
the wall d isappears. W hich o f these tw o processes 
occurs first depends on  the p a ram ete rs  c an d  8, 
for c =  10 and  0 > 8(1° m om en t flipp ing  occurs 
first; o therw ise ad jacen t w alls m eet first. T h e  co n ­
sequences o f m om ent flipp ing  a re  m ost consp icu ­
ous in the A E  effect, an d  will be discussed in 
connection  w ith  figs. 10, 11.
T he effect o f axial stress on  the  m agnetiza tion  
p rocess is illu s tra ted  by  figs. 2b, 3a an d  b. C o m ­
parison  o f figs. 2a and  b  show s th a t  stress com ­
presses the field scale b u t o therw ise  leaves the 
behav iour qualita tive ly  m uch as before. F igs. 3a 
an d  b show  th a t the effect o f stress becom es less 
m arked  as 6 decreases. I t  is p e rh ap s  useful to  
express the d im ension less stress p a ram e te r in  a b ­
so lu te  term s. R ecalling  from  (9) th a t y  =  3Xso/4AT, 
an d  tak ing  typical values o f K  an d  A s to  be 100 J 
m -3  and  35 X  1 0 " 6 respectively, w e find  th a t the 
range y  =  0 -0 .4  co rresponds to  a  =  0 -1 .5  M Pa.
T he suscep tib ility  d a ta  in  figs. 4 and  5 and  
show  no  special features. T he ran g e  o f suscep tib il­
ity for zero stress is im posed  by  th e  choice o f the 
p aram eter c; fig. 4 show s th a t increasing  stress 
increases the in itia l suscep tib ility  m ore  th an  for 
h igher dom ain  angles, b u t fig. 5 show s th a t this 
increase is non linear.
T he results in  fig. 6 show  how  th e  m agneto stric ­
tion  is p red ic ted  to  vary  w ith  ap p lied  field in 
stress-free rib b o n  annealed  a t v arious angles. T he 
m axim um  m agneto stric tion  is fo r transverse ly  a n ­
nealed  ribbon , in  w hich sa tu ra tio n  o f m agneto ­
stric tion  occurs a t the  an iso tro p y  field (A =  l) .  
T h e  app roach  to  sa tu ra tio n  fo r o th e r angles is 
g radual, occurring  m ore g radua lly  as 8 decreases 
to  zero. T he d iscon tinu ities in  th e  cu rves a re  again  
caused by the a b ru p t end  to  w all m ovem ent in h e r­
en t in the m odel, even though  the  m ovem ent o f 
18 0 °  w alls does n o t d irec tly  cau se  m agneto stric ­
tion . T he effects o f stress (figs. 7 a - c )  a re  m arkedly  
d iffe ren t for d iffering  annea l angles: for 8 =  9 0 °  
(fig. 7a) stress enhances m agn e to stric tio n  in sm all 
app lied  fields by  accelerating  th e  ap p ro ach  to  
sa tu ra tio n , w hereas for 6 =  4 5 °  (fig. 7c) the  effect 
is to  suppress the peak  value w ith o u t any  increase 
in the ra te  o f ap p ro ach  to  sa tu ra tio n . Betw een 
these tw o angles the  b ehav iou r is m ore com ­
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plicated; for instance w hen 6 =  1 5 °  (fig. 7b), in  
very low  fields stress increases the m agnetostric­
tion , w hile in  higher fields the effect is reversed.
T he results in fig. 8 show  an interesting feature: 
the function  / ( # ) ,  w hich determ ines the quadratic 
coeffic ien t o f  m agnetostriction through eq. (35), 
d o es  n ot necessarily have its m axim um  at 9 0 ° ,  as 
m ight be expected from the m axim um  m agneto­
striction  (fig. 6). T he reason for this is that the  
d rop  in  m axim um  m agnetostriction w ith 6  is m ore 
than offset by the increase in  the susceptibility  for  
values o f  the susceptibility  ratio c  >  2. T his m ight 
h ave im portance for device applications based on  
the change in  m agnetostriction near H  =  0. T he  
behaviour o f  the intrinsic quadratic coeffic ien t in  
fig. 9  show s a steady decrease in  Cq  w ith  0  be­
cau se  the effect o f  varying susceptib ility  has been  
rem oved. In m any practical sam ple geom etries the 
effective  susceptibility is lim ited  by the dem ag­
n etizing  factor, so  that the full effect show n in  fig. 
8 m ay not be realized; in  such circum stances it 
m ay be m ore useful to  work w ith the intrinsic  
quadratic coefficient, taking the m agnetization  
from  experim ental M - H  loops.
T he results for the A E  effect show n in figs. 
1 0 -1 2  are in  som e w ays the m ost interesting o f  all, 
o n  account o f  the spectacular singularities that 
appear in som e cases. T he origin o f  the singulari­
ties is evident in  eqs. (44) and (45), where the  
derivative d f y / d o  in  (44) gives rise to  the de­
nom inator in  the second term o f  (45), w hich goes 
to  zero at the point where the m om ents at angle 
(fig . 1) flip  to  <j>v  A s has already been m entioned, 
m om en t flipping on ly  occurs at high dom ain an­
g les  0 , because at low er angles the dom ain w alls 
disappear before flipping can occur. T his m ani­
fests itse lf in  (45) by a  reaching unity before the  
d enom inator in  the second term goes to zero, thus 
quenching the effect o f  the singularity. T he transi­
tion  from  singular to nonsingular behaviour is 
seen  in  fig. 10, where the curve for 0  =  80 ° show s 
the singularity, w hile that for 0  =  75 ° does not. 
T h e conventional transverse-field anneal (0  — 90 ° ) 
is  som ew hat anom alous in  this respect, in  that 
m om en t flipping cannot occur because the distinc­
tion  betw een the tw o types o f  m om ent in  fig. 1 
disappears. It is a m athem atical curiosity that 
values o f  0  arbitrarily c lose  to  9 0 °  show  the
singularity, w hereas w hen  0  is  exactly  9 0 °  it d is­
appears. O f course in  practice it is n ot p ossib le  to  
control the d om ain  angle  to  better than a  degree  
or so, m aking the d istin ction  o f  theoretical sign ifi­
cance on ly . F ig. 11 show s the effect o f  stress on  
the m odulus for large an gles 0. F or 0  =  80 °  fig. 
11a show s that w hen  y  is betw een  0.1 and 0 .2  
m om ent flipp ing is quenched . F or 0  =  85 ° and  
8 9 °  figs. l i b ,  c  sh ow  m om en t flipp ing for stresses 
up to  y  =  0 .4 , cou p led  w ith  enhanced m odulus  
change at low  fie ld s. F ig . 12 show s the elastic  
m odulus norm alized  to  its saturation value, the  
form  in  w hich the A £  e ffect is m ost conven ien tly  
obtained experim entally . T he m agnitude o f  the  
departures from  u n ity  o f  th is ratio depends on  the  
param eters As, £ , ,  and K ,  as seen  in (48); in  
particular, the d ep th  o f  th e m in im um  in the m od ­
ulus ratio for transverse fie ld  annealed ribbon  
(0  =  9 0 ° )  is sensitive to  the q uantity  9)^sE i/ S K .
T he appearance o f  d iscontinu ities in the gradi­
ent o f  the m agnetization  and  m agnetostriction  
curves, and o f  singularities in  the A £  curves, 
suggest im portant lim itation s in  the sim ple m odel 
as described here, sin ce  n o  such features appear in  
the corresponding experim ental data. T he m ain  
lim itation w as d iscu ssed  in  the Introduction , 
nam ely the fact that the param eters are n o t 
single-valued. T o  in d icate  the im portance o f  varia­
tions in  the param eters consider the an isotropy  
energy den sity  K :  the d ep en d en ce o f  b oth  its  
m agnitude and th e d irection  o f  the corresponding  
easy axis on  the loca l environm ent m ean that both  
0 and K  m ust b e  regarded a s distributed quanti­
ties. T his causes h  and y  in  turn to  b e  distributed  
through (8) and (9). T he inclusion  o f  such effects  
in  the m odel w ill b e  the subject o f  a subsequent 
paper.
7. Conclusions
A  phenom enologica l m odel has been  for­
m ulated to  calcu late  the m agnetic properties o f  
am orphous ribbons m ost com m on ly  em ployed  in  
device applications. T he m od el involves several 
param eters, m ost o f  w hich  can  be ob ta in ed  from  
experim ental data. R esu lts are g iven  in the form  
o f  form ulas and  illustrative com puted  curves. T h e
- 35-
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appearance in  som e o f  these curves o f  d iscontinui­
ties in  the gradient and  singularities suggests that 
the m odel needs to  b e  refined to  a llow  for the 
single-valued param eters to  be replaced by distri­
butions.
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A  s i n g l e  r i b b o n  o f  a m o r p h o u s  F e 4 0 N i 4 0 B 20 h a s  b e e n  a n n e a l e d  a t  v a r i o u s  a n g l e s  t o  t h e  r i b b o n  a x i s  t o  i n d u c e  u n i a x i a l  
a n i s o t r o p y .  D o m a i n  i m a g e s  h a v e  b e e n  o b t a i n e d  i n  t h e  p r e s e n c e  o f  a p p l i e d  a x i a l  m a g n e t i c  f i e l d s  b y  b o t h  t h e  B i t t e r  c o l l o i d  
a n d  m a g n e t o - o p t i c  K e r r  t e c h n i q u e s .  T h e  m o m e n t  d i r e c t i o n s  a r e  d e d u c e d  f r o m  t h e  l o w - a n g l e  d o m a i n  w a l l s  w i t h i n  t h e  
d o m i n a n t  s t r i p e  d o m a i n s .  T h e  s u s c e p t i b i l i t y  c a l c u l a t e d  f r o m  t h e  d o m a i n  g e o m e t r y  a n d  m o m e n t  a n g l e s  a g r e e  w i t h  t h e  
d i r e c t l y  m e a s u r e d  v a l u e s  w i t h i n  2 0 % .
Amorphous ribbons can be magnetically field an­
nealed in such a way that they possess a particularly 
simple domain structure [1], The magnetic and magne­
toelastic properties associated with such ribbons are of 
considerable practical utility. In a recent paper Squire 
[2] presented a theoretical model for calculating these 
properties for arbitrary easy axis orientation. The model 
assumes a uniform pattern of stripe domains oriented 
at an angle 6 to the ribbon axis (fig. 1). The moments 
rotate uniformly when an axial magnetic field is ap ­
plied, making angles t/r, = 0 -< £ ,, il>2 = B + <f>2 to the 
axis. The resulting magnetisation can then be calcu­
lated from the formula
m = ( M ) / M s = a  cos — (1 -  a)  cos i/r2, ( 1)
where a  = j  + x / d  is the fraction of domain area 
containing moments at angle t/>,. For 6 < 90° a  in­
creases with H  as a result of domain wall movement.
In order to test this model it is necessary to have a 
range of samples annealed under controlled conditions 
to induce easy axes at various angles 6, and to measure 
a,  i/r„ if/2 for various values of H.  This paper describes 
such a programme.
The material chosen was Fe40Ni40B2o [3] with Curie
H
F i g .  1 . D o m a i n  g e o m e t r y  a s s u m e d  i n  t h e  m o d e l  f o r  f i e l d  
a n n e a l e d  a m o r p h o u s  r i b b o n s  ( 2 ) .
F i g .  2 .  E x a m p l e s  o f  d o m a i n  i m a g e s  i n  f i e l d  a n n e a l e d  r i b b o n s :  
l e f t  -  B i t t e r  c o l l o i d ,  r i g h t  -  K e r r  e f f e c t .  U p p e r  -  H  ** 0 ,  
l o w e r  -  H  =  1 6 0  A / m .  E a s y  a x i s  o r i e n t a t i o n  6 0 °  t o  r i b b o n
a x i s .
and crystallisation tem peratures both near 400°C. A 
sample was cut in the form of a narrow ribbon 70 x  3.1 
X  0.029 mm3. It was annealed between aluminium 
blocks in a hot air chamber at T  =  350°C for 10 min 
followed by fast cooling. The annealing field of 0.25 T 
was applied at angles of 0°, 15°, 30°, 45°, 60°, 75° and 
90° to the ribbon axis. M / H  loops were measured at 
dc. Bitter domain images were obtained in various 
applied fields using ferrofluid. Domains were also im­
aged on a second set of samples using the enhanced 
Kerr effect. (See fig. 2 for examples.)
The domain areas were measured by digitising the 
domain walls of the Bitter images; a ( H ) was then 
derived. The moment angles were measured by means 
of the secondary domain walls clearly apparent in the 
Bitter patterns (fig. 2). These walls have been r e p o r t e d  
in field annealed Fe67C o 18B |4Si, by Smith, Jones and 
Lord [4], who interpret them as arising from small 
fluctuations of the moment direction about the mean 
value in the main domains. The average moment direc­
tion is then taken to be perpendicular to the secondary 
domain walls. The data were then inserted into for-
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F i g .  3 .  C a l c u l a t e d  ( p o i n t s )  a n d  m e a s u r e d  ( l i n e s )  m a g n e t i s a t i o n  
c u r v e s  f o r  0 =  3 0 °  ( a )  a n d  6 0 °  ( b ) .
mula (1) to calculate the normalised sample magnetisa­
tion as a function of the applied field; the results for 
0 = 30° and 60° are shown in fig. 3.
The domain patterns illustrated in fig. 2 support the 
basic assumptions about the geometry assumed in the 
theoretical model [2]. The imperfections of real amor­
phous ribbons mean that the domain structures are not 
completely regular. It has already been shown [1] that 
the domain spacing in the demagnetised state is a 
function of the demagnetising frequency. It is also 
found that even at dc the domain structure is not 
entirely reproducible from cycle to cycle. Furthermore, 
the domain wall displacements are not uniform as the 
applied field is increased. Some curvature of the do­
main walls occurs near the ribbon edges, where small 
spike domains also appear. These perturbations from 
the ideal geometry are not sufficient to undermine the 
basic approach of the model, as can be seen from the 
results in fig. 3. Effectively the use of a single parabolic 
potential to describe the domain wall energy is to 
replace the locally varying potentials by their average 
over the whole sample.
Fig. 3 shows that the susceptibility calculated from 
the domain images agrees with the directly measured 
values within 20%. It should be noted that the calcu­
lated magnetisations are obtained from a selected area 
of the whole ribbon away from the ends of the sample. 
This might be expected to yield somewhat higher sus­
ceptibilities than direct measurements of the whole 
sample. Similar calculations and measurements for 
other easy axis directions give even closer agreement 
between the two values, so it may be that the combined
random errors of the two procedures account for most 
of the discrepancy.
The main conclusion to be drawn from the results is 
that the secondary domain structures observed in the 
Bitter patterns represent bulk domain structures, not 
surface features, and that they correctly indicate the 
average bulk magnetisation directions within the pri­
mary domains. If this were not the case, then the 
discrepancies between the calculated and measured 
magnetisations would be much greater, especially for 
large values of 0, where the dominant magnetisation 
process is moment rotation.
A further issue is that of moment dispersion. Smith 
et al. [4] point out that the secondary wall system is 
consistent with a dispersion of the intra-domain mag­
netisation about its mean direction, but that the magni­
tude of this dispersion cannot be deduced from the 
domain images. Extensive evidence for moment disper­
sion has emerged in recent years [5]. The most impor­
tant aspects of this for understanding the magnetic and 
magnetoelastic behaviour of amorphous ribbons at low 
fields are the magnitude of the dispersion in moment 
angles and the nature of the processes causing the 
dispersion. Direct observation of the moment vector 
orientations in the secondary domains is currently be­
ing attem pted using electron microscopy; indirect evi­
dence from measurements of magnetostriction and A E  
effect indicates standard deviations in the range 5-10° 
for the ribbons studied here. The stability of the sec­
ondary domain structures in the range of applied fields 
up to 400 A /m  for which Bitter patterns have been 
studied here shows that the dispersion mechanism re­
sponsible for them has a strength of at least some 
hundreds of J / m 3.
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1.5 Developments of the Phenomenological Model for Magnetic and 
Magnetoelastic Properties of Amorphous Ribbons
1. Introduction
The original model was published in 1990 (see Paper 1.3, pp. 25-36); it will 
be referred to in this paper as Model I. The model has been used extensively in 
subsequent papers for interpreting the results of measurements on amorphous ribbons. 
Its use has been extended to amorphous wires, despite the different geometry and 
domain structure. The justification for this has been that the anhysteretic 
magnetoelastic behaviour of a uniaxial material is not very sensitive to geometry, but 
is determined primarily by the magnetic moment rotation. The widely accepted view 
of the domain structure of amorphous wires, consisting of an axially magnetised core 
and a radially magnetized shell (Paper 1.2, p. 17), allows their magnetoelastic 
behaviour to be modelled quite successfully on the basis of the ribbon model.
Since Model I was published a number of developments have occurred, partly 
in response to experimental evidence, and partly as a result of further consideration of 
the underlying physics. The purpose of this paper is to describe these developments 
and discuss their significance for interpreting experimental data.
The experimental evidence leading to the need for refinement of the model 
may be summarised as follows:
(1) A distribution of magnetic easy axes exists in all amorphous 
materials, even after magnetic annealing. Direct evidence for this 
comes from neutron scattering studies (Cowley et a l 1991) and from 
Mossbauer studies (Pankhurst and Gibbs 1993). Indirect evidence 
comes from magnetostriction measurements (Thomas 1991) and from 
the law of approach to saturation of magnetization (Graham and Gibbs 
1993).
(2) There is a distribution in the magnitude of the anisotropy constant 
K  (Garcia Arribas et a l 1992).
(3) The domain rotation angles <j>, , <|)2 in response to an applied field 
are equal within the accuracy of observation (Thomas 1991, Paper 1.4, 
pp. 37-38). In Model I these angles were allowed to vary 
independently.
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(4) The domain wall stiffness increases more with the easy axis angle 0 
than the model assumed (Thomas 1991).
The refinements to the model prompted by this evidence are the following:
(a) Additional terms are needed in the free energy to take account of 
inter-domain magnetostatic energy and bulk demagnetization energy.
(b) M(H), X(H) and E(H) should be calculated to allow for the 
distributions in easy axis orientation and anisotropy magnitude.
2. The Free Energy Expression
The free energy is taken to consist of the following terms:
(i)
where the terms Ua, Um, Ue, Uw are defined in Model I; and the additional terms Uc, 
Ud describe the effects of inter-domain coupling and surface demagnetization 
respectively.
The basic domain structure is as previously assumed in Model I. In the 
absence of either external field or stress the geometry is as shown in Fig. 1, which 
shows a pattern of stripe domains with 180° walls parallel to the easy axis. In the 







Fig. 1 Domain structure with no applied field or stress
The effect of stress for any easy axis angle other than 90° is to rotate the easy axis 
towards the stress axis if c ^ is  positive, and towards the transverse axis if gXs is 
negative. Direct evidence for the former was given shown by Livingston et a l 
(1982). The result of this is shown in Fig. 2, where the easy axis has rotated to a new 
angle 0 .
Fig. 2 Rotation of easy axis under stress (ctXs >0)
To calculate 0 consider fig. 3, which shows the magnetization vector at an angle vj/ to 
the ribbon axis.
Fig. 3 Geometry to calculate effective anisotropy angle 0 and magnitude K'
The value of 0 is such that the angular dependent part of the anisotropy energy is the 
same, whether referred to the original easy axis or the rotated easy axis. This is 
achieved by equating the sum of the two anisotropy energy terms from eq. (1),
Ua + Ue = K sin (0o -  v|/) + j X5C sin vj/ 
to an effective anisotropy energy
Ux = AT/sin2(9 -  \)/).
( 2 )
(3)
The vj/-dependent parts of expressions (2) and (3) are identical if
0 = jta n  1 sin 29 0 
cos 20q +y_ (4)
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and
K; = [sin220o + (cos 20q +y)2] (5)
The parameter y is the magnetostrictive stress energy normalised to the anisotropy 
energy:
y = 3Xs g/2K. (6)
(Note that this is twice the value of y defined in eq. (9) of Model I.)
The combination of the terms Ua and Ue into the single term UK reduces eq. 
(1) to the form
U - U '+ U m+U w+ U .+  Ut . (7)
The remaining terms can be described in terms of the geometry in fig. 4.
H>0
CT>0
Fig. 4 Domain rotation under the influence of applied field H  and stress c , both taken 
to be along the ribbon axis. The magnetization vector rotates through angles (j), , c|>2 , 
measured from the new easy axis at angle 0 . The domain walls move as shown.
We define the normalised wall movement as (fig. 4)
u = x /d . (8)
The fractional volume of material in domains magnetized at <|), is then (1/2 + u \  and at 
<|>2 is (1/2-u). The terms on the RHS of eq. (7) can be written in the form:
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UK = K' [QA+u) sin2 4>, + Q/2-u) sin2 (|)2 ] ; (9a)
Um = - \i0Ms H  [(V2+U) c o s  (0-4),) -  (V2-u) cos (0-k|>2)] ; (9b)
Uw = P*/2;
Uc =  M  M s 2 (sin <t>i “ sin W* i
(9c)
(9d)
Ud = y2\i0Ms 2Dy [(1/2+w) sin(0-4),) -  (l/2-w) sin (0-+4>2) ]2 .(9e)
Eq. (9a) is taken from eq. (3) above; eqs. (9b), (9c) are taken from Model I eqs. (lb), 
(Id). Eq. (9d) is the usual expression for a surface pole energy (see e.g. Chikazumi 
1964, pp.209-214); the geometry assumed is shown in fig. (5).
Fig. 5 Free poles developed at the interface between adjacent domains 
when the rotation angles 4>,, 4>2 are unequal.
The quantity q is a dimensionless parameter that is determined by the free pole 
distribution at the interface. Its precise value can only be calculated from a 
micromagnetic computation, but estimates can be made from empirical data. Large 
values of q have the effect of keeping 4>, , 4>2 nearly equal.
Eq. (9e) is based on the standard expression for the demagnetization energy, 
namely Ud = J/2 \ i ^ f2D  ,where M  is the net surface magnetization, and D  is the 
appropriate demagnetizing factor. In this case fig. 6 shows the average value of M  on 
the top edge to be given by M s [('/2+u) sin (0—4),) -  (14-m) sin (0-k|>2) ]. D  is the 
transverse demagnetizing factor, which can be calculated using the equivalent ellipsoid 
approximation of Osborne (1945). These assumptions actually give an upper bound to
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Ud , because the |i* effect (Chikazumi 1964, p.214) acts to reduce the surface free 
pole density.
+ + + + + + + + + +
Fig. 6 Free poles developed at the edges of a ribbon by the 
transverse component of magnetization.
3. Computational details
3.1 Overview
The goal of the computation is to obtain the field dependencies of average 
magnetization (A/), engineering magnetostriction Xe , and Young's modulus E. The 
approach adopted follows that of Model I with two important modifications: (i) the
presence of coupling terms in eqs. (9d) and (9e) make analytical expressions
impossible; and (ii) the experimental evidence reported by Thomas (1991) justifies a
"strongly coupled moment rotation" approximation, in which the rotation angles (j), ,
<|)2 are taken to be equal to a common value <(>. Approximation (ii) cannot apply at
large applied fields, because as saturation is approached the moments in both types of
domain (fig. 4) are forced towards the field axis, assumed to be the ribbon axis. In
practice this turns out to be a minor drawback, because at high fields the <|>2 domains
usually disappear, either as a result of domain wall displacement, or as a result of
moment flipping. Also, the interesting magnetoelastic behaviour tends to be at low
and medium fields; that is, up to about two or three times the anisotropy field.
Consequently any inaccuracies in the saturation behaviour are of less importance.
The procedure may be summarised as follows:
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1. For given 0O , K  , c  , the new easy axis angle 0 and effective 
anisotropy constant K' are calculated from eqs. (4)-(6).
2 . For given Ht P, 5 the moment rotation angle <|> and normalised wall
displacement u are computed to minimise U .
3. (A/) is calculated from the expression
(A/) =MS [(V2+W) cos (0—<|>) -  QA-u) cos (0-k|>)]. (10)
4. is calculated from the expression
K  = lX s [QA+u) cos2 (0—<j>) + (l/2-w) cos2 ( 0 * » ] . (11)
5. The field-dependent contribution EH to E  is calculated from the 
expression
i = t f -  (12>
The derivative in eq. (12) is computed numerically.
3.2 Energy minimisation
For purposes of calculation it is convenient to dedimensionalise eq. (7) by 
dividing through by the anisotropy energy density K. The term Uc is omitted because, 
as stated above, the strongly coupled moment rotation approximation (<|>,=<|>2=4>) is 
made. The remaining terms are taken from eqs. (9); the result is
V = k  sin2<|) -  2 h [(V^ +w) cos (0-<|)) -  (V2-14) cos (0-k|>)] + if/p  +
6[(V6+ti) sin (0—<)>,) -  (V2-U) sin (0-k()2) ]2, (13)
where
h = \x0Ms H/2K, 
p  = $K ,
and 5 =  \x0M s 2 Dy / 2 K .
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V is minimised by setting dV/du and dV/d$ equal to zero. The manipulations have 
been done using the symbolic algebra system "Derive". The results of this are shown
below.
<{> is the first nonzero root of
2p  cos d) cos 0(5 sin (b sin 0 +/?) .-46 —----- 1------ - ----- f ---------- -cos^<|>sin0cos0
45 p  cos2(|) sin 0 + 1
+cos<|> sin 4>
2p  cos cos 0(5 sin ([) sin 0 + h) | 
[ 46 p  cos2(|) sin20 + 1 J
cos20
-85
2p  cos <|) cos 0(6 sin <|> sin 0 + h)
2
+ 2 k > -  2h sin 0
46/?cos2(|)sin20 + 1
+45 2p  cos (|) cos 0(5 sin <|> sin 0 + h) 
46 /?cos2<|>sin20 + 1
sin (|) sin 0 cos 0
.. 2/? cos <b cos 0(5 sin <b sin 0 +/?) . . _+4/2 —------------ ^ ^    sin <|) cos 0 = 0
45 p  cos2(|) sin 0 + 1
(14)
This is then substituted into the expression
2/?cos<bcos0 (5 sin<bsin0 + /2)
u =  ------------------ T T " ! ----------------  ■ ( 1 5 )45/? cos (|) sin 0 + 1




The number of variables and parameters in the model is such that 
comprehensive results are too extensive to be reproduced. The results presented here 
are therefore chosen to illustrate how the modified model successfully accounts for 
some of the commonly observed experimental features of field annealed amorphous 
ribbons.
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4.2 Moment rotation and wall movement.
Measurements on field annealed amorphous Fe^NiJB^ ribbon (Thomas 1991) 
show that for easy axes at small angles to the ribbon axis (small 0O) the magnetic 
moments rotate under the influence of an applied field more easily than Model I 
predicts on the basis of constant anisotropy magnitude K. In fact, the data suggest 
that K  is approximately linearly proportional to 0O; this implies that K  is zero when 0O 
is zero, which is highly implausible. The revised model overcomes this problem by 
including the effect of the transverse demagnetization factor through the parameter 5 
in eq. (13). Data appropriate to typical ribbon materials and geometries give values of 
5 in the range 1-20, neglecting the ja* effect. A maximum value of 5 has been used for 
these calculations. It turns out that values greater than this have little additional 
effect.
Fig. 7 shows graphs of moment rotation angle (j) as a function of normalised 











0.0 0.2 0.4 0.6 0.8 1.0
h h
( a) (b)
Fig. 7. Graphs of moment rotation angle (j) as a function of normalised applied field 
h for various values of the transverse demagnetizing parameter 5 :
(a) 0=15° ;(b) 0=45°.
The curves for 5=0 at low values of h correspond closely to the predictions o f Model 
I. (The decrease in <(> at higher values of h is a consequence of the forced equality of 
(J), and <(>2.) The effect of nonzero values of 5 is to make the rotation relatively harder
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for small 0O , as observed experimentally. Note also the virtual "saturation" of the 
effect o f 6 above 5.
Fig. 8 shows curves for normalised wall movement u against h for two values 
















0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
h h
(a) (b)
Fig. 8. Normalised wall movement u as a function of normalised applied field h for
(a) 6=0; (b) 5=5. (p=l)
The influence of the transverse demagnetizing effect on wall movement is very 
apparent in Fig. 8: when 5=0 wall movement is almost the same in a given applied 
field for 0 between 15° and 45°; whereas for 5=5 it decreases markedly with 0.
4.3 Susceptibility
The moment rotation (j) and wall movement u determine through eq. (10) the 
average magnetization and hence the susceptibility x The initial normalised 
susceptibility Xo *s defined aslim [{(JM)/Ms}/h] ; in Fig. 9 it is plotted against 0 for
h—►O







0 15 30 45 60 75 90
e
Fig. 9 Normalised initial susceptibility plotted against easy axis orientation, for 
various values of the transverse demagnetizing parameter 8 ( p=2.5 ) .
It is interesting to see from Fig. 9 how even small values of 6 reduce the susceptibility 
significantly at low angles 0. Thomas (1991) reported a rapid reduction in 
susceptibility for field annealed ribbons of F e ^ i ^ ^  . His attempt to fit his data to 
Model I was not successful; the reason is now clear, namely the neglect of the 
transverse demagnetizing effect in the earlier model. In Fig. 10 Thomas's data are 
shown, together with the theoretical susceptibility calculated from eq. (10) with 
appropriate parameters. The agreement is seen to be good.
5 0 0 0 0  -|
4 0 0 0 0  -




0 15 4 5 60 75 9 03 0
e
Fig. 10 Calculated initial susceptibility (line) compared with experimental data 
from Thomas (1991) (points). ( 5=5, p=7.25, M =  7.96><105 A/m )
4.4 Field dependence o f Young's modulus
The most important application of Model I has been to explain the field 
dependence E(H) of amorphous ribbons and wires. In this section results calculated
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from eq. (12) are shown, to indicate the way in which the refined model can account 
for the features observed in real materials.
The most useful representation of E(H) data is in the form of the function F , 
as defined in Model I (eq. 46). It can be calculated from experimental data using the 
formula
r  & K  (  1 f l  n M
9  x \E s^ m  E J-  ( }











0 20.5 1.0 1.5
h
Fig. 11 Young's modulus function F  against normalised field for various easy axis
angles
These curves are useful for showing how the easy axis orientation affects the general 
shape o f F(h), and are very similar to those shown in Fig. 10 of Model I, though 
without the sharp spike on the curve for 0=80°.
More interesting for comparison with experimental data are the results when 
there is a finite distribution of easy axis angle and anisotropy magnitude; specimen 
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1.25 1.500.00 0.25 0.50 0.75 1.00
h
Fig. 13 F{h) for 0=90°, with various spreads of anisotropy magnitude.
(p=  1,5=5, A0=O)
The small irregularities in figs. 12 and 13 originate from the finite number o f values 
used to calculate the averages.
The effects of distributions in 0 and K  are superficially similar. Close 
examination shows that a distribution of 0 affects the behaviour at small fields 
significantly, whereas a distribution of K  does not. The effect on the saturation 
behaviour of a distribution of 0 is also greater. In real materials both effects are likely
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to be significant, and distinguishing between them from AE  data alone would be 
difficult.
Fig. 14 shows typical results of the model plotted in the more conventional 
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Fig. 14 Typical results for normalised Young's modulus against normalised field 
(Mean 0=90°, 5=5, p=l): ( a) Various spreads of0  (b) Various spreads oiK.
The data have been slightly smoothed to remove the noise visible in figs. 12, 13.
5. Discussion
The results shown in section 4 indicate that the revised model can account for
most o f the experimentally observed features of the magnetic and magnetoelastic
behaviour of amorphous ribbons. The unsatisfactory features of Model I have been
successfully overcome at the expense of greater computational complexity. The lack
of analytical expressions for magnetization, magnetostriction and AE  effect is an
unfortunate consequence of the additional terms in the free energy, which makes the
fitting of experimental data more difficult. The model contains six parameters: 
0", A0, K, AK, p  and 5. It is therefore unrealistic to expect to calculate reliable values 
of all o f these from a single E(H) curve, particularly as the effects of A0 and AK  are
so similar. As is often the case in magnetism, evidence from several types of
experiment must be combined with domain modelling in order to build up a reliable
understanding and predictive confidence. Nevertheless, the model presented here
should be significantly more useful than earlier models in analysing the results of
magnetic and magnetoelastic measurements of amorphous materials.
- 52-
There remains a slightly unsatisfactory feature in the present model: namely, 
the strongly coupled moment rotation approximation, which forces the two moment 
rotation angles <j>, , <|>2 to be exactly equal. This results in small anomalies at fields 
above the anisotropy field. Even with this simplifying approximation the equation to 
be solved for moment rotation (eq. (14)) is very complicated. The additional 
complication of finite coupling, with a further parameter (r\ in eq. (9d)), and 
simultaneous transcendental equations similar to eq. (14) to solve for <|>,, <J>2 , seems 
scarcely justified.
References
Chikazumi, S. (1964) "Physics of magnetism," (Florida : Robert Krieger)
Cowley, R.A. et al. (1991) "Non-collinear magnetic structures of Fe-based 
amorphous alloys," J. Phys. Condens. Matter 3, 9521-9537.
Garcia Arribas, A., Barandiaran, J.M. and Herzer, G. (1992) "Anisotropy field 
distribution in amorphous ferromagnetic alloys from second harmonic 
response," J. Appl. Phys. 71, 3047-3049.
Graham, C.D. Jr and Gibbs, M.R.J. (1993) "High-field magnetization of metallic 
glasses," IEEE Trans. Magn. 29, 3457-3459.
Livingston, J.D., Morris, W.G. and Luborsky, F.E. (1982) "Domain studies on 
amorphous ribbons with transverse or oblique magnetic anisotropy," J. 
Appl. Phys. 53, 7837-7839.
Osborne, J.A. (1945) "Demagnetizing factors of the general ellipsoid," Phys. Rev. 67, 
351.
Pankhurst, Q.A. and Gibbs, M.R.J. (1993) "Moment canting in 3d-based amorphous 
ferromagnets," J. Phys. Condens. Matter 5, 3275-3288.
Thomas, A.P. (1991) "Magnetostriction in transition metal-metalloid metallic 
glasses," PAD. Thesis, University o f Bath.
- 53-
J. Phys. E: Sci. Instrum. 20(1987). Printed in the UK
Fibre-optic dilatometer for 
measuring magnetostriction in 
ribbon samples
P  T  S q u i r e  a n d  M  R  J  G i b b s
S c h o o l  o f  P h y s i c s ,  U n i v e r s i t y  o f  B a t h ,  B a t h  B  A 2  7 A Y ,  U K
R e c e i v e d  2 1  A p r i l  1 9 8 6 ,  i n  f i n a l  f o r m  1 6  S e p t e m b e r  1 9 8 6
A b s t r a c t .  A  n e w  m e t h o d  o f  m e a s u r i n g  m a g n e t o s t r i c t i o n  i s  
d e s c r i b e d .  T h e  m e t h o d  e m p l o y s  a  f i b r e - o p t i c  d i l a t o m e t e r  i n  
w h i c h  t h e  c h a n g e s  i n  s a m p l e  l e n g t h  v a r y  t h e  o p t i c a l  p o w e r  
t r a n s m i t t e d  a c r o s s  a  n a r r o w  g a p  i n  t h e  o p t i c a l  f i b r e .  T h e  m e t h o d  
i s  e s p e c i a l l y  s u i t a b l e  f o r  m a k i n g  r o u t i n e  m e a s u r e m e n t s  o n  
s a m p l e s  i n  t h e  f o r m  o f  t h i n  r i b b o n s ,  a s  o n l y  t h e  m i n i m u m  
m e c h a n i c a l  l o a d  i s  i m p o s e d  o n  t h e  s a m p l e ;  n o r  i s  i t  n e c e s s a r y  t o  
a t t a c h  a n y  a n c i l l a r y  c o m p o n e n t s  t o  t h e  s a m p l e .  I l l u s t r a t i v e  
r e s u l t s  i n d i c a t e  a  s e n s i t i v i t y  o f  a b o u t  1 0  ~ 7 w h e n  m e a s u r i n g  
m a g n e t o s t r i c t i o n  a s  a  f u n c t i o n  o f  a p p l i e d  f i e l d .  F o r  
m e a s u r e m e n t s  o f  s a t u r a t i o n  m a g n e t o s t r i c t i o n  o n l y ,  t h e  
s e n s i t i v i t y  i s  a b o u t  1 0  ~®.
1 .  I n t r o d u c t i o n
M e a s u r e m e n t s  o f  m a g n e t o s t r i c t i o n  c a n  b e  m a d e  b y  a  w i d e  
v a r i e t y  o f  m e t h o d s .  W h e n  t h e  m a t e r i a l  i s  i n  t h e  f o r m  o f  a  t h i n  
r i b b o n  m a n y  o f  t h e  c o n v e n t i o n a l  m e t h o d s  a r e  u n s u i t a b l e .  M o s t  
a m o r p h o u s  m a g n e t i c  m a t e r i a l s  ( m e t a l l i c  g l a s s e s )  a r e  i n  r i b b o n  
f o r m ,  t m d  i t  i s  o f  s o m e  i m p o r t a n c e  t o  b e  a b l e  t o  m a k e  r o u t i n e  
m e a s u r e m e n t s  o f  m a g n e t o s t r i c t i o n  o f  s u c h  m a t e r i a l s .
M e t h o d s  t h a t  h a v e  b e e n  u s e d  f o r  s t u d y i n g  m a g n e t o s t r i c t i o n  
i n  a m o r p h o u s  m a g n e t i c  m a t e r i a l s  a r e  r e v i e w e d  b y  L a c h o w i c z  
a n d  S z y m c z a k  ( 1 9 8 4 ) .  O f  t h e  e i g h t  m e t h o d s  l i s t e d  t h e y  
r e c o m m e n d  t w o  f o r  r e g u l a r  u s e :  t h e  s t r a i n  g a u g e  m e t h o d  f o r  
l a r g e  m a g n e t o s t r i c t i o n  ( >  1 0  ~ ‘ ) ,  a n d  t h e  s m a l l - a n g l e  m a g n e t i s a ­
t i o n  r o t a t i o n  m e t h o d  f o r  w e a k  m a g n e t o s t r i c t i o n  ( <  1 0  ~ 6) .
F o f r  c e r t a i n  d e v i c e  a p p l i c a t i o n s  i t  i s  n e c e s s a r y  t o  m e a s u r e  t h e  
m a g n e t o s t r i c t i o n  o f  m e t a l l i c  g l a s s e s  a s  a  f u n c t i o n  o f  t h e  a p p l i e d  
f i e l d .  A  s e r i o u s  s h o r t c o m i n g  o f  t h e  s t r a i n  g a u g e  m e t h o d  i s  t h e  
u n a v o i d a b l e  s t r e s s  i m p o s e d  o n  t h e  s a m p l e .  I f  a  s u f f i c i e n t l y  l o n g  
s a m p l e  i s  a v a i l a b l e  i t  c a n  b e  w o u n d  i n t o  a  t o r o i d a l  c o r e  t o  
r e d u c e  t h e  l o a d i n g  e f f e c t .  T h i s  i s  n o t  p r a c t i c a l  i f  o n l y  s h o r t  
l e n g t h s  a r e  a v a i l a b l e ,  a s  m a y  o f t e n  h a p p e n  w h e n  v a r i o u s  s a m p l e  
t r e a t m e n t s  a r e  b e i n g  s t u d i e d .  R e c e n t l y  ( K a b a c h o f f  et al  1 9 8 5 )  
s o m e  r e s u l t s  h a v e  b e e n  p u b l i s h e d  o f  o b s e r v a t i o n s  o f  m a g n e t o ­
s t r i c t i o n  a s  a  f u n c t i o n  o f  a p p l i e d  f i e l d  i n  a m o r p h o u s  r i b b o n s  
b y  a n  i n t e r f e r o m e t r i c  m e t h o d .  H o w e v e r ,  t h i s  w a s  p e r f o r m e d  a t  
l o w  a c  ( 1 2  H z ) ,  a n d  i n v o l v e d  a t t a c h i n g  a  m i r r o r  t o  t h e  s p e c i m e n  
w i t h  e p o x y .
T h e  m e t h o d  d e s c r i b e d  h e r e  o v e r c o m e s  m a n y  o f  t h e  p r o b l e m s  
a s s o c i a t e d  w i t h  e a r l i e r  m e t h o d s  o f  m e a s u r i n g  m a g n e t o s t r i c t i o n  
i n  r i b b o n  s a m p l e s .  I t  e m p l o y s  a  s e n s i t i v e  f i b r e - o p t i c  d i l a t o m e t e r  
t o  s e n s e  t h e  s m a l l  c h a n g e s  i n  l e n g t h  a s s o c i a t e d  w i t h  
m a g n e t o s t r i c t i o n .  T h e  s a m p l e  i s  s u b j e c t  t o  t h e  m i n i m u m  o f  
s t r e s s ,  b e i n g  a t t a c h e d  a t  o n e  e n d  a n d  f r e e  t o  s l i d e  h o r i z o n t a l l y  
w i t h o u t  a n y  l o a d  o r  a t t a c h m e n t .  T h e  s y s t e m  i s  p r i m a r i l y  
i n t e n d e d  f o r  m e a s u r e m e n t s  o f  t h e  f i e l d  d e p e n d e n c e  o f  s t r o n g l y  
m a g n e t o s t r i c t i v e  s a m p l e s ,  b u t  i t  i s  a l s o  c a p a b l e  o f  m e a s u r i n g  t h e  
s a t u r a t i o n  m a g n e t o s t r i c t i o n  o f  s o f t  m a g n e t i c  m a t e r i a l s  d o w n  t o  
a b o u t  1 0 ' * .
2 .  P r i n c i p l e s  o f  t h e  m e t h o d
F i g u r e  1 s h o w s  t h e  b a s i c  p r i n c i p l e .  A  m u l t i m o d e  o p t i c a l  f i b r e  i s  
c u t  t o  a l l o w  t h e  s p e c i m e n  t o  a c t  a s  a  s h u t t e r ,  o b s t r u c t i n g  p a r t  o f  
t h e  l i g h t  t r a n s m i t t e d .  T h e  d i a m e t e r  o f  t h e  l i g h t  b e a m  i n  t h e  p l a n e  
o f  t h e  s p e c i m e n  i s  D.
I f  i t  i s  a s s u m e d  t h a t  t h e  p o w e r  i s  d i s t r i b u t e d  u n i f o r m l y  
a c r o s s  t h e  e n d  o f  t h e  f i b r e  t h e  v a r i a t i o n  o f  t r a n s m i t t e d  p o w e r  P  
w i t h  p o s i t i o n  x  i s  g i v e n  b y
P0 dx nD
(1)
w h e r e  P0 i s  t h e  t o t a l  p o w e r  t r a n s m i t t e d  b y  t h e  u n c o v e r e d  f i b r e .  
F o r  o p e r a t i o n  n e a r  t h e  c e n t r e ,  t h e  e x p r e s s i o n  s i m p l i f i e s  t o  t h e  
l i n e a r  f o r m







T h e  s e n s i t i v i t y  o f  t h e  s y s t e m  i s  l i m i t e d  b y  t h e  n o i s e .  T h e  u l t i m a t e  
l i m i t  i s  s e t  b y  s h o t  n o i s e  i n  t h e  o p t i c a l  p o w e r .  F o r  a  p h o t o ­
d e t e c t o r  o f  r e s p o n s i v i t y  9  t h e  s i g n a l  c u r r e n t  i s
1 = 9 1  P  ( 3 )
a n d  t h e  c o r r e s p o n d i n g  s h o t  n o i s e  i n  a  b a n d w i d t h  A /  i s
in = ( 2 e / A / ) , / J .
T h e  d i s p l a c e m e n t  n o i s e  <5.v c o r r e s p o n d i n g  t o  / „  i s  g i v e n  b y
6 x = i , ( d I / d x ) - ' \
s o  f r o m  e q u a t i o n s  ( 2 ) — ( 4 )  i t  f o l l o w s  t h a t
5 x =  inD(2ebf/@ P0),/2.
T y p i c a l  v a l u e s  o f  t h e  p a r a m e t e r s  o n  t h e  r h s  o f  e q u a t i o n  ( 5 )  a r e  
D =  1 m m ,  A / =  1 H z ,  &  = 0 . 5  A  W " ‘ a n d  P =  1 0 0  a / W ,  f r o m  
w h i c h  i t  m a y  b e  e s t i m a t e d  t h a t  < $ j c ~ 6 . 5  x  1 0 _ "  m .  F o r  a  
s p e c i m e n  o f  l e n g t h  5 0  m m  t h i s  c o r r e s p o n d s  t o  s t r a i n  s e n s i t i v i t y  
o f  1 .3  x  1 0  ~ 9. I n  p r a c t i c e  i t  i s  u n l i k e l y  t h a t  t h i s  s e n s i t i v i t y  c a n  b e  
a c h i e v e d .  O n e  o f  t h e  m o s t  s e r i o u s  l i m i t a t i o n s  i s  t h e r m a l  
e x p a n s i o n .  F o r  m o s t  m a g n e t i c  m a t e r i a l s  t h e  c o e f f i c i e n t  o f  l i n e a r  
t h e r m a l  e x p a n s i o n  i s  ~  1 0 - 5  K " 1,  s o  i t  i s  n e c e s s a r y  t o  k e e p  t h e  
s p e c i m e n  t e m p e r a t u r e  c o n s t a n t  t o  w i t h i n  0 . 0 1  K  t o  a c h i e v e  a  
s t a b i l i t y  o f  1 0  _ 1 .
3 .  D e t a i l s  o f  t h e  a p p a r a t u s
T h e  g e n e r a l  a r r a n g e m e n t  i s  s h o w n  i n  f i g u r e  2 .  T h e  f i b r e - o p t i c
0 0 2 2 - 3 7 3 5 / 8 7 / 0 5 0 4 9 9  + 0 4  S 0 2 .5 0  ©  1 9 8 7  IO P  P u b lish in g  L td 4 9 9
F i g u r e  I .  G e o m e t r y  o f  t h e  f ib r e  a n d  s a m p l e .
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Em i t te r
C o m b in e r
so u rce
Figure 2 . B lo c k  d ia g r a m  o f  th e  s y s tem .
e m i t t e r  ( H o n e y w e l l  S E - 3 3 5 2 - 0 0 4 )  i s  d r i v e n  a t  3  k H z ,  a n d  t h e  
o u t p u t  i s  s p l i t  i n t o  t w o  c h a n n e l s .  T h e  s i g n a l  c h a n n e l  S  i s  c o u p l e d  
t o  t h e  s a m p l e  h e a d  H  v i a  2 0 0  pm  PCS f i b r e .  T h e  s a m p l e  h e a d  i s  a n  
a l u m i n i u m  b l o c k  a p p r o x i m a t e l y  4 0  x 1 2 . 3  x 8  m m 1, t h r o u g h  
w h i c h  t h e  f i b r e  p a s s e s .  H a l f w a y  a l o n g  t h e  b l o c k  a  5  m m  w i d e  
s l o t  i s  c u t ,  i n t o  w h i c h  t h e  s a m p l e  h o l d e r  s l i d e s ;  t h e  s a m p l e  t h u s  
r e d u c e s  t h e  t r a n s m i t t e d  o p t i c a l  p o w e r  a s  d e s c r i b e d  i n  §  2 .  T h e  
o u t p u t  f i b r e  i s  c o n n e c t e d  t o  t h e  s i g n a l  d e t e c t o r  ( H o n e y w e l l  S D -  
4 4 9 8 - 0 0 2 )  a n d  i s  c o m b i n e d  w i t h  t h e  o u t p u t  f r o m  t h e  s i m i l a r  
r e f e r e n c e  d e t e c t o r  i n  s u c h  a  w a y  t h a t  t h e  o u t p u t  i s  z e r o  w h e n  
t h e  e n d  o f  t h e  s p e c i m e n  i s  h a l f w a y  a c r o s s  t h e  l i g h t  b e a m .  S m a l l  
d i s p l a c e m e n t s  o f  t h e  s a m p l e  e n d  d u e  t o  s t r a i n  t h e n  r e g i s t e r  a s  
a  n o n - z e r o  e l e c t r i c a l  s i g n a l .  T h e  a m p l i f i e d  s i g n a l  g o e s  t o  t h e  
p h a s e - s e n s i t i v e  d e t e c t o r ,  a n d  t h e  DC o u t p u t  i s  d i s p l a y e d  o n  a  
c h a r t  r e c o r d e r .  T h e  p u r p o s e  o f  t h e  r e f e r e n c e  c h a n n e l  i s  t o  
p r o v i d e  c o m p e n s a t i o n  f o r  i n t e n s i t y  v a r i a t i o n s  i n  t h e  s o u r c e .
T h e  s a m p l e  i s  m o u n t e d  o n  a  h o r i z o n t a l  s l i d i n g  s t a g e  
c o n n e c t e d  t o  a  m i c r o m e t e r  w i t h  a  f i n e  c o n t r o l ,  s o  t h a t  o n e  t u r n  
m o v e s  t h e  s a m p l e  b y  1 2 . 5  / i m .  S a m p l e s  t h i c k e r  t h a n  a b o u t  
l O O i / m  c a n  b e  u s e d  w i t h o u t  v e r t i c a l  c o n s t r a i n t ,  b u t  s o m e  
t h i n n e r  s a m p l e s ,  s u c h  a s  m e t a l l i c  g l a s s  r i b b o n s ,  t e n d  t o  b u c k l e  
w h e n  s t r a i n e d ;  s u c h  b u c k l i n g  c a n  l e a d  t o  s e r i o u s  e r r o r s .  A  
s u i t a b l e  f o r m  o f  s a m p l e  h o l d e r  f o r  s u c h  s p e c i m e n s  i s  s h o w n  i n  
f i g u r e  3 .  I t  c o n s i s t s  o f  t w o  g l a s s  m i c r o s c o p e  s l i d e s  s e p a r a t e d  b y  
a  s p a c e r  a  f e w  pm  t h i c k e r  t h a n  t h e  s p e c i m e n .  T h e  u p p e r  g l a s s  
s l i d e  i s  c u t  s h o r t  t o  a l l o w  t h e  s p e c i m e n  t o  p r o j e c t  a  f e w  m m .  T h e  
e x p o s e d  e n d  i s  t a p e d  t o  t h e  l o w e r  s l i d e  b y  a  p i e c e  o f  S c o t c h  3 M  
d r a f t i n g  t a p e .  T h e  f r e e  e n d  o f  t h e  s p e c i m e n  i s  a b o u t  2 - 3  m m  
i n s i d e  t h e  h o l d e r ,  s o  t h a t  t h e  w h o l e  o f  t h e  f r e e  l e n g t h  i s  
c o n s t r a i n e d  v e r t i c a l l y .
T h e  m a g n e t i s i n g  f i e l d  i s  p r o v i d e d  b y  a  p a i r  o f  H e l m h o l t z  
c o i l s ,  C ,  a n d  C 2 , h a v i n g  a  m e a n  d i a m e t e r  o f  0 . 4 2  m .  T h e s e  
a l l o w  s a m p l e s  u p  t o  1 3 0  m m  l o n g  t o  b e  i n  a  f i e l d  u n i f o r m  t o  
w i t h i n  1 % .  T h e  m a x i m u m  f ie l d  a v a i l a b l e  a t  a  c u r r e n t  o f  1 0  A  i s  
6 6 0 0  A m  ' .  T h e  d r i v e  c u r r e n t  c a n  b e  u s e d  t o  g e n e r a t e  a n  X  
s w e e p  f o r  t h e  X - Y  r e c o r d e r  t o  s t u d y  m a g n e t o s t r i c t i o n  a s  a  
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Figure 3 . S a m p le  h o ld er : ( a )  e le v a tio n , (b) p lan .
a l s o  a v a i l a b l e  f o r  m e a s u r e m e n t s  o n  s a m p l e s  h a v i n g  v e r y  l o w  
c o e r c i v i t y .
T h e  s a m p l e  h o l d e r ,  h e a d  a n d  f i b r e - o p t i c  c o m p o n e n t s  a r e  
e n c l o s e d  w i t h i n  a  t h e r m a l l y  i n s u l a t e d  b o x  t o  r e d u c e  t e m p e r a t u r e  
f l u c t u a t i o n s  o f  t h e  s p e c i m e n  d u r i n g  a  m e a s u r e m e n t .
4. Calibration and linearity
T h e  s y s t e m  w a s  c a l i b r a t e d  b y  m o v i n g  a  s a m p l e  a c r o s s  t h e  e n t i r e  
w i d t h  o f  t h e  f i b r e  w h i l s t  r e c o r d i n g  t h e  d c  o u t p u t  v o l t a g e  f r o m  
t h e  p s d . T h e  m i c r o m e t e r  w a s  u s e d  t o  s h i f t  t h e  s a m p l e  i n  s t e p s  o f
1 2 . 5  pm  a c r o s s  t h e  f i b r e  f r o m  t h e  c o m p l e t e l y  u n c o v e r e d  p o s i t i o n  
u n t i l  t h e  o u t p u t  f e l l  t o  z e r o .  T h e  r e f e r e n c e  c h a n n e l  w a s  t u r n e d  o f f  
d u r i n g  t h i s  p r o c e d u r e .
T h e  r e s u l t s  a r e  s h o w n  i n  f i g u r e  4 ;  t h e  o u t p u t  v o l t a g e  i s  
n o r m a l i s e d  t o  t h e  m a x i m u m ,  a n d  t h e  p o s i t i o n  i s  m e a s u r e d  f r o m  
t h e  c e n t r e  t o  c o n f o r m  t o  t h e  g e o m e t r y  o f  f i g u r e  1 .
T h e  c e n t r e  m a y  b e  l o c a t e d  b y  n o t i n g  t h e  p o s i t i o n  w h e r e  t h e  
o u t p u t  i s  h a l f  t h e  m a x i m u m .  T h i s  a s s u m e s  t h a t  t h e  l i g h t  p o w e r  
d i s t r i b u t i o n  i s  s y m m e t r i c a l  a c r o s s  t h e  f i b r e ;  t h e  e x p e r i m e n t a l  
p o i n t s  i n  f i g u r e  4  c o n f i r m  t h a t  t h i s  i s  a p p r o x i m a t e l y  t r u e .
T h e  f u l l  c u r v e  i n  f i g u r e  4  i s  p l o t t e d  f r o m  e q u a t i o n  ( 1 ) .  D  h a s  
b e e n  a d j u s t e d  t o  m a t c h  t h e  g r a d i e n t  a t  t h e  o r i g i n ,  s i n c e  t h e  
d i a m e t e r  o f  t h e  l i g h t  b e a m  a t  t h e  s a m p l e  i s  n o t  p r e c i s e l y  k n o w n .  
T h e  s l i g h t  d i s c r e p a n c y  b e t w e e n  t h e  e x p e r i m e n t a l  p o i n t s  a n d  t h e  
t h e o r e t i c a l  c u r v e  s u g g e s t s  t h a t  t h e  a s s u m p t i o n  o f  u n i f o r m  p o w e r  
d e n s i t y  a c r o s s  t h e  f i b r e  i s  u s e f u l ,  b u t  t h a t  t h e  p o w e r  d e n s i t y  f a l l s
20-





Figure 4. N o r m a l i s e d  r e s p o n s e  o f  t h e  s y s t e m .  T h e  c r o s s e s  a r e  
e x p e r i m e n t a l  p o i n t s .  T h e  fu l l  c u r v e  is  t h e  t h e o r e t i c a l  r e s p o n s e  c a l c u l a t e d  
f r o m  e q u a t i o n  ( I ) , t a k i n g  D =  0 . 1 1 5  m m .
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t o w a r d s  t h e  e d g e .  A l t h o u g h  t h e  l i n e a r  r e g i o n  o f  t h e  r e s p o n s e  i s  
q u i t e  s m a l l ,  i t  i s  a d e q u a t e  f o r  t h e  p r e s e n t  p u r p o s e ,  a s  t h e  
f o l l o w i n g  c a l c u l a t i o n  s h o w s .  F o r  a  t y p i c a l  s a m p l e  o f  l e n g t h  
5 0  m m ,  h a v i n g  a  s a t u r a t i o n  m a g n e t o s t r i c t i o n  o f  3 0  m i c r o s t r a i n ,  
t h e  m a x i m u m  c h a n g e  i n  l e n g t h  a m o u n t s  t o  1 .5  pm,  w e l l  w i t h i n  
t h e  l i n e a r  r a n g e  o f  t h e  s y s t e m .
5 .  I l l u s t r a t i v e  r e s u l t s
F i g u r e  5  s h o w s  r e s u l t s  o b t a i n e d  w i t h  a  s a m p l e  o f  n i c k e l  i n  t h e  
f o r m  o f  a  t h i n  s t r i p  3 4  x  8  x  0 . 1 2  m m 3.
T h e  t r a c e  i s  t a k e n  d i r e c t l y  f r o m  t h e  X - Y  r e c o r d e r ,  a n d  
s h o w s  t h e  m a g n e t o s t r i c t i v e  s t r a i n  a s  a  f u n c t i o n  o f  t h e  a p p l i e d  
f i e l d .  T h e  h y s t e r e s i s  i s  c l e a r l y  v i s i b l e ,  a n d  t h e  s e p a r a t i o n  o f  t h e  
t w o  p e a k s  c o r r e s p o n d s  w i t h  t w i c e  t h e  c o e r c i v i t y  m e a s u r e d  f r o m  
t h e  M - H  l o o p  o f  t h e  s a m e  s a m p l e .  T h e  m a g n e t i c  b e h a v i o u r  o f  
n i c k e l  i s  v e r y  s e n s i t i v e  t o  i t s  t h e r m o m e c h a n i c a l  h i s t o r y ,  s o  i t  i s  
n o t  p o s s i b l e  t o  c o m p a r e  i n  d e t a i l  t h e  r e s u l t s  i n  f i g u r e  5  w i t h  
p u b l i s h e d  d a t a ,  b u t  t h e  g e n e r a l  b e h a v i o u r  i s  v e r y  s i m i l a r  t o  t h a t  
s h o w n  i n  B o z o r t h  ( 1 9 5 1 ) .  T h e  H  f i e l d  i s  n o t  s u f f i c i e n t  t o  s a t u r a t e  
t h e  s a m p l e ,  s o  t h e  m a x i m u m  m a g n e t o s t r i c t i o n  i s  l e s s  t h a n  t h e  
t y p i c a l  s a t u r a t i o n  v a l u e s  o f  3 0 - 4 0  x  1 0 " 6 .
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Figure 5 . I llu str a tiv e  re su lts , s h o w in g  th e m a g n e to s tr ic t io n  a s  a 
fu n c tio n  o f  a p p lie d  fie ld  o f  a s a m p le  o f  n ick e l 3 4  m m  lo n g . 8  m m  w id e  
a n d  0 . 12 m m  th ick . A /  =  10  H z , s w e e p  p er io d  =  4 0  s .
F i g u r e  6  s h o w s  a  s i m i l a r  r e s u l t  f o r  M e t g l a s t  2 6 0 5  S C  i n  t h e  
f o r m  o f  a  r i b b o n  6 3  x  5  x  0 . 0 3 4  m m 3. T h e r e  a r e  n o  c o m p a r a b l e  
p u b l i s h e d  d a t a  f o r  t h i s  m a t e r i a l ,  b u t  t h e  m a x i m u m  v a l u e  i s  
s i m i l a r  t o  t h e  m a n u f a c t u r e r s '  q u o t e d  v a l u e  o f  t h e  s a t u r a t i o n  
m a g n e t o s t r i c t i o n  o f  3 0  x  I 0 " 6. I n  §  3  i t  w a s  m e n t i o n e d  t h a t  
s a m p l e  b u c k l i n g  c a n  b e  a  p r o b l e m  w i t h  v e r y  t h i n  r i b b o n s ,  a n d  a  
s a m p l e  h o l d e r  t o  i n h i b i t  v e r t i c a l  m o t i o n  w a s  d e s c r i b e d .  I n  o r d e r  
t o  t e s t  t h e  e f f e c t i v e n e s s  o f  t h i s ,  r e p e a t e d  m e a s u r e m e n t s  h a v e  
b e e n  m a d e  o n  a  s a m p l e  o f  V A C  7 5 0 5  ( V a c u u m s c h m e l z e  
G m b H ) .  T h e s e  i n v o l v e d  r e m o v i n g  t h e  s a m p l e  f r o m  t h e  h o l d e r  
a n d  r e m o u n t i n g  i t  u p s i d e  d o w n  a n d  r e v e r s e d .  T h e  c a l c u l a t e d  
v a l u e  o f  m a x i m u m  m a g n e t o s t r i c t i o n  f r o m  1 2  s u c h  m e a s u r e  
m e n t s  w a s  3 1 . 2 ,  w i t h  a  s t a n d a r d  d e v i a t i o n  o f  0 . 9 .  T y p i c a l l y  
i t  h a s  b e e n  f o u n d  t h a t  a  p r e c i s i o n  o f  a b o u t  5 %  c a n  b e  o b t a i n e d  
w i t h  m o s t  m e t a l l i c  g l a s s  s a m p l e s .
A l t h o u g h  t h e  a p p a r a t u s  d e s c r i b e d  h e r e  i s  p r i m a r i l y  i n t e n d e d  
f o r  u s e  w i t h  s t r o n g l y  m a g n e t o s t r i c t i v e  s p e c i m e n s ,  i t  i s  i n t e r e s t i n g  
t o  e s t a b l i s h  t h e  s e n s i t i v i t y  f o r  i n v e s t i g a t i n g  w e a k l y  m a g n e t o  
s t r i c l i v e  m a t e r i a l s .  I n  m o s t  c a s e s  a l l  t h a t  i s  r e q u i r e d  h e r e  i s  t h e  
s a t u r a t i o n  m a g n e t o s t r i c t i o n .  T h i s  c a n  b e  m e a s u r e d  b y  p u l s i n g  
t h e  a p p l i e d  f i e l d  a t  a  l o w  f r e q u e n c y  f r o m  z e r o  t o  a  v a l u e  l a r g e
t  M e tg la s  is a  r eg istered  tra d em a rk  o f  A llied  C o rp .
mKT6
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Figure 6. I llu stra tiv e  re su lts  fo r  M e tg la s  2 6 0 5 S C . L en g th  =  6 3  m m , 
w id th  =  5 m m . th ic k n e ss  =  0 .0 3 4  m m . C o n d it io n s  a s  fo r  figure 5.
1 mstra in
F ig u re  7 . I llu stra tiv e  re su lts  for  M u m e ta l. s h o w in g  th e  m a g n eto str ic t iv e  
r e sp o n se  to  sa tu r a tin g  field  p u lse s . F ie ld  a m p litu d e  3 7 0 0  A m - 1 ; p u lse  
freq u en cy  0 .0 5  H z ;  tim e  c o n s ta n t  I s.
e n o u g h  t o  s a t u r a t e  t h e  s p e c i m e n .  F i g u r e  7  s h o w s  a  t y p i c a l  t r a c e  
t a k e n  w i t h  a  s a m p l e  o f  M u m e t a l t .
A l t h o u g h  t h e r e  i s  a  s t e a d y  d r i f t  i n  t h e  b a s e l i n e  c a u s e d  b y  
t h e r m a l  e x p a n s i o n ,  i t  i s  q u i t e  s t r a i g h t f o r w a r d  t o  d e t e r m i n e  t h e  
s t r a i n  f r o m  t h e  a m p l i t u d e  o f  t h e  r e s p o n s e .  B y  a v e r a g i n g  o v e r  
m a n y  p u l s e s  t h e  n o i s e  l e v e l  m a y  b e  r e d u c e d .  T y p i c a l l y  f o r  1 0  
p u l s e s  a t  0 . 1  H z ,  w i t h  a  r e c o r d i n g  t i m e  c o n s t a n t  o f  0 . 1  s ,  a  n o i s e  
l e v e l  o f  a b o u t  1 0  c a n  b e  a c h i e v e d  f o r  s t r a i n ,  c o m p a r a b l e  w i t h  
o t h e r  s e n s i t i v e  t e c h n i q u e s  ( L a c h o w i c z  a n d  S z y m c z a k  1 9 8 4 ) .
6 .  D i s c u s s i o n  a n d  c o n c l u s i o n s
T h e  r e s u l t s  i n  f i g u r e s  5  a n d  6  s h o w  t h a t  t h e  s y s t e m  a s  d e s c r i b e d  
i s  c a p a b l e  o f  m e a s u r i n g  t h e  m a g n e t o s t r i c t i o n  o f  r i b b o n  s a m p l e s  
w i t h  a  s e n s i t i v i t y  o f  a b o u t  1 0 ' 1 a s  a  f u n c t i o n  o f  a p p l i e d  f i e l d .  
T h e  l i m i t i n g  f a c t o r  i s  t h e  t h e r m a l  e x p a n s i o n  o f  t h e  s a m p l e  a n d  i t s  
s u p p o r t i n g  s t r u c t u r e .  T h e  d r i f t  r a t e  d i s p l a y e d  in  f i g u r e  7  
c o r r e s p o n d s  t o  a  t e m p e r a t u r e  c h a n g e  o f  a b o u t  I m K  s  s o  a n y  
f u r t h e r  i m p r o v e m e n t s  w o u l d  r e q u i r e  m o r e  c a r e f u l  t h e r m a l  
i n s u l a t i o n  a n d  c o n t r o l .  H o w e v e r ,  t h i s  p e r f o r m a n c e  i s  s u f f i c i e n t  
f o r  m o s t  d e v i c e  a p p l i c a t i o n s  i n v o l v i n g  s t r o n g l y  m a g n e t o s t r i c t i v e  
m a t e r i a l s .
t  M u m eta l is  a  reg istered  tra d em a rk  o f  T c lc o n  M e ta ls  Ltd.
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By operating in the pulsed mode the system is capable 
or measuring saturation magnetostriction with a sensitivity of
io-*.
One useful improvement that would make calibration 
simpler and more repeatable would be to operate the system in 
a closed-loop mode. In this the signal from the phase-sensitive 
detector would be fed back to a piezoelectric shifter that would 
maintain the output close to zero. The voltage applied to the 
piezoelectric shifter would then be a precise measure of the 
displacement, independent of the slope of the open-loop 
calibration curve.
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Abstract. A computer-based system for plotting the d c  
magnetisation loops of amorphous magnetic ribbons is 
described. The system overcomes the problems associated 
with very low coercivity materials by using a non-linear 
//-field function that can be adjusted for a particular loop. 
The problem of drift is overcome by the use of a hybrid 
analogue/digital integrator and software correction. 
Commonly used magnetic parameters are calculated from 
the digitised data. In particular, coercivities of less than 
l A m ' 1 can be reliably measured. Typical results are 
presented to illustrate the performance.
1. Introduction
Systems for measuring magnetic hysteresis loops have 
evolved over many decades in response both to improved 
electronic techniques and to the more severe demands made 
by developments in magnetic materials. Recently there has 
been an obvious interest in digital systems, on account of the 
ease of control and convenience of data collection, storage 
and processing that they enable (Jiles 1988). The purpose of 
the present paper is to describe a system developed for the 
measurement of d c  M - H  loops for metallic glass specimens 
with low coercivity (< 1 0 0 0 A m -1). In particular it is con­
cerned with the special problems that arise in making reliable 
measurements of loop parameters on ribbon samples and 
toroids having coercivities below about 10A m '1. The 
problems are compounded by the weak induced voltages 
resulting from the small cross section of ribbon samples, and 
for toroids the low number of turns that can be conveniently 
used for the pick-up coil. Such samples are of interest in 
several device applications under investigation in this labora­
tory. One system for measuring low-frequency hysteresis 
loops of amorphous ribbons has been described by O ’Dell 
(1981). This is an analogue system that operates at loop 
frequencies of about 10 Hz. Experience in this laboratory 
shows that significant changes in loop geometry can occur at 
frequencies above 0.1 Hz; normal practice is therefore to use 
loop times of 50-100 s for obtaining reliable d c  loops. To our 
knowledge no satisfactory method currently exists for making 
these measurements.
The special features of the system described here are: (i) 
an //-field shape that is matched to the M IH  loop being 
measured; (ii) a hybrid analogue/digital integration method; 
and (iii) software drift correction. These three features are 
dealt with in detail in §§3-5, following a system overview in 
§2. Section 6 describes the parameter calculation options and 
§7 presents illustrative results on selected low-coercivity 
samples.
2. System overview
A block diagram of the complete system is shown in figure 1. 
The sample shown here is a straight ribbon, typically 200 mm
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F ig u r e  1. S c h e m a t ic  d ia g r a m  o f  th e  m e a s u r in g  s y s te m .
c o o r d i n a t e s  o n  d i s c  a n d  s e n d s  t h e  l o o p  t o  a  d i g i t a l  p l o t t e r  f o r  a  
h a r d - c o p y  r e c o r d .  I t  m a y  a l s o  b e  i n s t r u c t e d  t o  c a l c u l a t e  t h e  
l o o p  p a r a m e t e r s ,  n a m e l y  c o e r c i v e  f i e l d  Hr, m a g n e t i s a t i o n  
e n e r g y  Em , r e m a n e n t  i n d u c t i o n  M,  a n d  e n e r g y  l o s s  A £j.
3. //-field
A t  f r e q u e n c i e s  l o w  e n o u g h  t o  a p p r o x i m a t e  d c  c o n d i t i o n s  t h e  
s h a p e  o f  t h e  f u n c t i o n  / / ( / )  d e s c r i b i n g  t h e  m a g n e t i s i n g  f i e l d  a s  
a  f u n c t i o n  o f  t i m e  d o e s  n o t  h a v e  a  s i g n i f i c a n t  i n f l u e n c e  o n  t h e  
s h a p e  o f  t h e  h y s t e r e s i s  l o o p .  I t  h a s  b e e n  c u s t o m a r y  t o  u s e  
l i n e a r  r a m p s  f o r  H(t)  b e c a u s e  t h e y  a r e  e a s i e r  t o  g e n e r a t e  a t  
v e r y  l o w  f r e q u e n c i e s  t h a n  s i n u s o i d a l  s i g n a l s ,  a t  l e a s t  i n  a n  
a n a l o g u e  s y s t e m .  T h e r e  i s ,  h o w e v e r ,  a  s e r i o u s  p r o b l e m  t h a t  
c a n  o c c u r  w h e n  a  l i n e a r  r a m p  i s  u s e d  t o  p l o t  n e a r l y  s q u a r e  
h y s t e r e s i s  l o o p s .  T h e  n a t u r e  o f  t h e  d i f f i c u l t y  i s  i l l u s t r a t e d  i n  
f i g u r e  2 ,  w h i c h  s h o w s  (a)  a  t y p i c a l  M -H  l o o p  f o r  a  w e l l  
a n n e a l e d  m e t a l l i c  g l a s s  r i b b o n ,  f o l l o w e d  b y  ( b ) a  d r i v e  f u n c ­
t i o n  / / ( f )  i n  t h e  f o r m  o f  a  l i n e a r  r a m p .  B e l o w  t h i s  ( c )  i s  t h e
l o n g ,  2 5  m m  w i d e  a n d  0 . 0 2 5  m m  t h i c k .  T h i s  i s  i n s e r t e d  i n t o  
t h e  p i c k u p  c o i l  C | ,  w o u n d  w i t h  2 0 0 0 0  t u r n s  o f  4 7  s w g  w i r e .  
A n  i d e n t i c a l  c o i l  C 2 c o m p e n s a t e s  f o r  t h e  H  f i e l d  a n d  a n y  
c o m m o n - m o d e  i n t e r f e r e n c e .  T h e  b a l a n c e  u n i t  c o m b i n e s  t h e  
o u t p u t s  C !  a n d  C 2 s o  t h a t  w i t h  n o  s a m p l e  p r e s e n t  t h e r e  i s  n o  
n e t  o u t p u t .  B o t h  c o i l s  a r e  s i t u a t e d  o n  t h e  a x i s  o f  a  s o l e n o i d ,
1 . 5  m  l o n g ,  i n t e r n a l  d i a m e t e r  7 5  m m ,  w o u n d  w i t h  f o u r  l a y e r s  
o f  1 8  s w g  e n a m e l l e d  w i r e .  T h i s  a r r a n g e m e n t  a l l o w s  t h e  m a g ­
n e t i s a t i o n  M t o  b e  m e a s u r e d  a s  a  f u n c t i o n  o f  a p p l i e d  f i e l d s  H 
u p  t o  1 0 0 0 0 A m - 1 . F o r  a  t o r o i d a l  s a m p l e  t h e  s o l e n o i d  i s  
r e p l a c e d  b y  p r i m a r y  a n d  s e c o n d a r y  w i n d i n g s  w i t h  a  f e w  t u r n s  
e a c h ,  c o n s t i t u t i n g  a  t r a n s f o r m e r  a n d  y i e l d i n g  a  B-H  l o o p .
T h e  o u t p u t  o f  t h e  b a l a n c e  u n i t  i s  f e d  t o  t h e  i n t e g r a t o r ,  
w h i c h  i s  d i g i t a l l y  r e s e t t a b l e  v i a  t h e  I E E E  4 8 8  b u s  a n d  a  
d i g i t a l - t o - a n a l o g u e  c o n v e r t o r  ( d a c ) .  T h e  i n t e g r a t o r  o u t p u t  i s  
c o n n e c t e d  t o  a  s a m p l e - a n d - h o l d  c i r c u i t  w h i c h  i s  a l s o  
c o n t r o l l e d  b y  t h e  r e s e t  s i g n a l .  T h e  o u t p u t  f r o m  t h i s  t h e n  g o e s  
v i a  a n  a n a l o g u e - t o - d i g i t a l  c o n v e r t o r  ( a d c )  a n d  t h e  I E E E  4 8 8  
b u s  t o  t h e  B B C  m i c r o c o m p u t e r  w h i c h  a c t s  a s  t h e  s y s t e m  
c o n t r o l l e r .
T h e  a p p l i e d  / / - f i e l d  s i g n a l  i s  g e n e r a t e d  b y  t h e  c o m p u t e r ,  
a n d  t a k e n  v i a  t h e  b u s  a n d  a  s e c o n d  d a c  t o  a  d c  p o w e r  
a m p l i f i e r .  T h i s  s u p p l i e s  t h e  m a g n e t i s i n g  c u r r e n t  t o  t h e  s o l e ­
n o i d  o r  t o r o i d  p r i m a r y  w i n d i n g .  T h e  m a g n i t u d e  o f  t h i s  c u r ­
r e n t  i s  c a l c u l a t e d  b y  m e a s u r i n g  t h e  v o l t a g e  a c r o s s  a n  o i l - f i l l e d  
0 . 1  Q  s t a n d a r d  r e s i s t o r  i n  s e r i e s  w i t h  t h e  s o l e n o i d ,  u s i n g  t h e  
s e c o n d  a d c .
H y s t e r e s i s  l o o p s  a r e  g e n e r a t e d  s t a r t i n g  f r o m  t h e  l o w e r  
e x t r e m i t y  a f t e r  o p t i o n a l  p r e c y c i i n g  a r o u n d  t h e  l o o p  t o  p u t  t h e  
s a m p l e  i n  a  c y c l i c  s t a t e .  T h e  s e q u e n c e  i s  a s  f o l l o w s :  t h e  
H - f i e l d  s i g n a l  i s  s e t  t o  i t s  m a x i m u m  n e g a t i v e  v a l u e ,  a n d  t h e  
s o l e n o i d  c u r r e n t  i s  a d j u s t e d  t o  t h e  r e q u i r e d  p e a k  n e g a t i v e  
v a l u e  u s i n g  t h e  p o t e n t i o m e t e r  a t  t h e  i n p u t  o f  t h e  p o w e r  
a m p l i f e r  ( f i g u r e  1 ) .  T h e  i n t e g r a t o r  i s  r e s e t  a n d  t h e  s a m p l e -  
a n d - h o l d  i s  f l u s h e d .  T h e  / / - f i e l d  i s  t h e n  s t e p p e d  a  s m a l l  
a m o u n t  p o s i t i v e l y ,  t h e  c o r r e s p o n d i n g  f.mk f r o m  t h e  s a m p l e  
b e i n g  i n t e g r a t e d  t o  g i v e  a  s i g n a l  p r o p o r t i o n a l  t o  t h e  c h a n g e  i n  
M,  w h i c h  i s  t h e n  s t o r e d  a n d  p l o t t e d  b y  t h e  c o m p u t e r .  T h e  
/ / - f i e l d  i s  t h e n  i n c r e a s e d  i n  a  n u m b e r  o f  s t e p s  ( t y p i c a l l y  1 2 8 )  
u p  t o  i t s  p e a k  p o s i t i v e  v a l u e ,  a n d  t h e n  b a c k  t o  t h e  p e a k  
n e g a t i v e  v a l u e .  A t  e a c h  s t e p  t h e  i n t e g r a t o r  i s  r e s e t ,  t h e  
s a m p l e - a n d - h o l d  i s  r e a d  a n d  t h e  c o r r e s p o n d i n g  A M s i g n a l s  
a r e  s t o r e d .  T h e  w h o l e  c y c l e  c a n  b e  r e p e a t e d  i f  d e s i r e d  t o  
a l l o w  a v e r a g i n g .
A t  t h e  e n d  o f  t h e  c y c l e  t h e  c o m p l e t e  l o o p  i s  d i s p l a y e d  o n  
t h e  m o n i t o r .  I t  m a y  f a i l  t o  c l o s e  a s  a  r e s u l t  o f  i n t e g r a t o r  d r i f t ;  
i n  t h a t  c a s e  a  d r i f t  c o r r e c t i o n  r o u t i n e  i s  a c c e s s e d .  W h e n  a  






F ig u r e  2 . W a v e f o r m s  a s s o c ia t e d  w ith  lo o p  p lo t t in g .  ( « )  T y p ic a l  
MI H  c u r v e  fo r  a m o r p h o u s  r ib b o n , (b)  C o n v e n t io n a l  l in e a r  r a m p  
fo rm  o f  / / ( / ) .  ( f ) D e t e c t i n g  c o i l  w a v e fo r m  dMI di  c o r r e s p o n d in g  to  
(a)  a n d  (/>). (< /) A l t e r n a t i v e  fo r m  o f  / / ( / ) .  ( r )  dM/ d t  c o r r e s p o n d in g  
t o  (<i) a n d  (</)
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c o r r e s p o n d i n g  s i g n a l  dM(t)ldt  w h i c h  c o r r e s p o n d s  t o  t h e  o u t ­
p u t  f r o m  t h e  s e n s e  c o i l .  T h e  s i g n a l  i s  a l m o s t  z e r o  e x c e p t  v e r y  
c l o s e  t o  H  =  0 ,  w h e r e  i t  a l m o s t  h a s  t h e  a p p e a r a n c e  o f  a  d e l t a  
f u n c t i o n .  T h i s  h a s  t w o  u n d e s i r a b l e  e f f e c t s :  i t  c a n  o v e r l o a d  t h e  
i n t e g r a t o r ,  a n d  i t  p r o d u c e s  h i g h - f r e q u e n c y  c o m p o n e n t s  t h a t  
c a n  l e a d  t o  d i s t o r t i o n  o f  t h e  l o o p .  T h e s e  e f f e c t s  a r e  w e l l  
k n o w n  a t  h i g h  f r e q u e n c i e s ,  w h e r e  f e e d b a c k  t e c h n i q u e s  c a n  b e  
u s e d  t o  m a i n t a i n  ‘s i n e  B ’ c o n d i t i o n s  a s  r e q u i r e d  ( M c F a r l a n e  
a n d  H a r r i s  1 9 5 8 ;  s e e  a l s o  O ’ D e l l  1 9 8 1 ) .  T h e y  c a n  a l s o  b e  
s e r i o u s  a t  l o w  f r e q u e n c i e s ,  w h e r e  d i r e c t  f e e d b a c k  i s  l e s s  
c o n v e n i e n t  a s  a  r e m e d y .
W h a t  i s  w a n t e d  i d e a l l y  i s  a  f u n c t i o n  H(t)  t h a t  s p r e a d s  o u t  
t h e  p e a k s  i n  dM(t)/dt , o r ,  e q u i v a l e n t l y ,  m i n i m i s e s  t h e  b a n d ­
w i d t h  o f  i t s  p o w e r  s p e c t r u m .  T h i s  i s  f o r m a l l y  a n  i n v e r s e  
p r o b l e m ,  t h a t  w o u l d  r e q u i r e  a  p a r t i c u l a r  H(t)  t o  b e  c h o s e n  f o r  
a  g i v e n  M(H).  S i n c e  M(H)  i s  n o t  k n o w n  i n  a d v a n c e  t h i s  
w o u l d  i n v o l v e  a n  i t e r a t i v e  p r o c e d u r e .  I n  p r a c t i c e  s u c h  c o m p l i ­
c a t i o n  i s  u n n e c e s s a r y ;  a n y  f u n c t i o n  t h a t  s p r e a d s  t h e  p e a k s  
s u f f i c i e n t l y  i s  a c c e p t a b l e ,  a s  s h o w n  i n  f i g u r e s  2(d)  a n d  (e). 
T h e  f u n c t i o n  w e  h a v e  c h o s e n  i s  a  t r u n c a t e d  t a n g e n t  o f  t h e  
f o r m
H =
\.&n(2bntlT)
t a n ( f i j r / 2 )
0<b<l (1)
w h e r e  b  i s  a n  a d j u s t a b l e  s h a p e  p a r a m e t e r .  L o w  v a l u e s  o f  b 
p r o d u c e  a  n e a r - l i n e a r  r a m p ;  h i g h  v a l u e s  o f  b p r o d u c e  a  
s h a r p l y  p e a k e d  f u n c t i o n  t h a t  a p p r o x i m a t e s  t o  t h e  i n v e r s e  o f  
M(H).  F i g u r e  3  s h o w s  t h i s  f u n c t i o n  p l o t t e d  f o r  s e v e r a l  v a l u e s  
o f  b,  u s i n g  s y m m e t r y  t o  p r o d u c e  t h e  s e c o n d  h a l f - c y c l e .  T h e  
f u n c t i o n  i s  e a s i l y  g e n e r a t e d  i n  s o f t w a r e ,  a n d  g e n e r a t e s  t h e  
r e q u i r e d  H  f i e l d  v i a  t h e  b u s  a n d  p o w e r  a m p l i f i e r  a s  s h o w n  i n  
f i g u r e  1 . E x p e r i e n c e  q u i c k l y  e s t a b l i s h e s  a p p r o p r i a t e  v a l u e s  
f o r  b\  w e  h a v e  f o u n d  v a l u e s  b e t w e e n  0 . 9  a n d  0 . 9 9 5  s u i t a b l e ,  
t h e  l o w e r  v a l u e s  f o r  c o e r c i v i t i e s  g r e a t e r  t h a n  1 0  A  m " '  a n d  
t h e  h i g h e s t  v a l u e s  f o r  c o e r c i v i t i e s  l e s s  t h a n  l A m " 1.
4 .  I n t e g r a t i o n
C o n v e n t i o n a l  h y s t e r e s i s  l o o p  p l o t t e r s  e m p l o y  a n a l o g u e  i n t e ­
g r a t i o n  t o  c o n v e r t  t h e  s i g n a l  f r o m  t h e  p i c k u p  c o i l  i n t o  a  s i g n a l  
p r o p o r t i o n a l  t o  B o r  M.  T h i s  m e t h o d  i s  e n t i r e l y  s a t i s f a c t o r y  
f o r  a c  l o o p s  a t  f r e q u e n c i e s  d o w n  t o  a b o u t  1 H z .  A t  l o w e r  
f r e q u e n c i e s  a n d  w i t h  s m a l l  s a m p l e s  t h e  w e a k  s i g n a l s  m a k e  
d r i f t - f r e e  i n t e g r a t i o n  v e r y  d i f f i c u l t .  F o r  l o o p  t i m e s  o f  g r e a t e r  
t h a n  1 0 0  s  e v e n  t h e  b e s t  a n a l o g u e  i n t e g r a t o r s  a r e  u n a b l e  t o  
p r o d u c e  d r i f t - f r e e  o p e r a t i o n  f o r  m a n y  a m o r p h o u s  m a g n e t i c  
s a m p l e s .  I t  i s  t e m p t i n g  t o  c o n s i d e r  a  p u r e l y  d i g i t a l  i n t e g r a t o r  
f o r  s u c h  c o n d i t i o n s .  H o w e v e r ,  t h e  r e s o l u t i o n  a n d  s p e e d  o f  
t h e  a d c  a n d  t h e  r e a l - t i m e  c o m p u t i n g  s p e e d  t h a t  w o u l d  
b e  r e q u i r e d  f o r  t h i s  h a v e  l e d  u s  t o  d e v e l o p  a  h y b r i d  i n t e ­
g r a t o r  t h a t  c o m b i n e s  t h e  a d v a n t a g e s  o f  a n a l o g u e  a n d  d i g i t a l  
t e c h n i q u e s .
A s  e x p l a i n e d  i n  §  2  t h e  H  i s  c h a n g e d  i n  s m a l l  s t e p s ,  
t y p i c a l l y  2 5 6  i n  a  c o m p l e t e  l o o p ;  f o r  a  1 0 0  s  l o o p  t i m e  t h i s  
m e a n s  t h a t  t h e  t i m e  b e t w e e n  t h e  s t e p s  i s  a b o u t  4 0 0  m s .  
H o w e v e r ,  t h e  s t e p  i t s e l f  t a k e s  a  m u c h  s h o r t e r  t i m e .  T h e  t i m e  
c o n s t a n t  o f  t h e  i n p u t  t o  t h e  p o w e r  a m p l i f i e r  i s  1 m s ,  w h i c h  i s  
l o n g  e n o u g h  t o  r e d u c e  t o  a n  a c c e p t a b l e  l e v e l  t h e  e d d y  c u r r e n t  
e f f e c t s  t h a t  m i g h t  o t h e r w i s e  r e s u l t  f r o m  t h e  m u c h  f a s t e r  r i s e  
t i m e  o f  t h e  d a c .  T h e  c h a n g e  i n  H i s  t h e r e f o r e  e f f e c t i v e l y  
c o m p l e t e  5  m s  a f t e r  t h e  s t e p  c o m m e n c e s .  D u r i n g  t h i s  t i m e  t h e  
s i g n a l  f r o m  t h e  p i c k u p  c o i l s  i s  a  s h a r p  s p i k e  p r o p o r t i o n a l  t o  
dMIdt,  w h i c h  t h e  a n a l o g u e  i n t e g r a t o r  c o n v e r t s  t o  a  s i g n a l  
p r o p o r t i o n a l  t o  t h e  t o t a l  c h a n g e  AM  i n  m a g n e t i s a t i o n  c o r r e ­
s p o n d i n g  t o  t h e  f i e l d  s t e p  AH.  S i n c e  t h e  i n t e g r a t o r  i s  o n l y  
r e q u i r e d  t o  i n t e g r a t e  o v e r  a  t i m e  s h o r t  c o m p a r e d  w i t h  t h e
H




F i g u r e 3 .  F ie ld  d r iv e  f u n c t io n  H(t )  g iv e n  b y  e x p r e s s io n  ( I ) ,  fo r  
v a r io u s  v a lu e s  o f  ih e  s h a p e  p a r a m e te r  b.
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I n t e g r a t o r a n d  h o l d
F ig u r e  4 .  A n a lo g u e  in te g r a to r  a n d  s a m p le -a n d -h o ld  c ir c u its .
l o o p  t i m e  t h e  d r i f t  i s  c o r r e s p o n d i n g l y  s m a l l .  I t  i s  n o t  c o m ­
p l e t e l y  n e g l i g i b l e ,  h o w e v e r ,  a n d  t h e  m e t h o d  f o r  c o m p e n ­
s a t i n g  t h e  r e s i d u a l  d r i f t  i n  s o f t w a r e  i s  e x p l a i n e d  i n  § 5 .
T h e  d e t a i l s  o f  t h e  i n t e g r a t o r  a r e  s h o w n  i n  f i g u r e  4 .  T h e  
c i r c u i t r y  i s  q u i t e  c o n v e n t i o n a l ,  c o n s i s t i n g  o f  t h r e e  m a i n  f u n c ­
t i o n a l  u n i t s :  t h e  i n t e g r a t o r  p r o p e r ,  a n  o u t p u t  s a m p l e - a n d -  
h o l d  c i r c u i t ,  a n d  a  c o n t r o l  i n t e r f a c e .  T h e  i n t e g r a t o r  i s  b a s e d  
o n  a n  O P 7 7  i c ;  i t  i n c o r p o r a t e s  o f f s e t  n u l l i n g  a n d  a  r e m o t e  
r e s e t  b y  m e a n s  o f  t h e  j f e t  a c r o s s  t h e  f e e d b a c k  c a p a c i t o r .  T h e  
c o n t r o l  i n t e r f a c e  t a k e s  t h e  0 / 1 0  V  c o n t r o l  s i g n a l  f r o m  t h e  d a c  
a n d  d e r i v e s  f r o m  i t  s u i t a b l e  s i g n a l s  t o  r e s e t  t h e  i n t e g r a t o r  a n d  
t h e  s a m p l e - a n d - h o l d .  F i g u r e  5  s h o w s  t h e  c o n t r o l  t i m i n g  
s e q u e n c e .
5 .  D r i f t  c o r r e c t i o n
T h e  m a j o r  p r o b l e m  i n  o b t a i n i n g  c l o s e d  l o o p s  i s  i n t e g r a t o r  
d r i f t .  I n  t h e  c o n v e n t i o n a l  a n a l o g u e  m e t h o d  t h e  i n t e g r a t o r  
o p e r a t e s  f o r  a  c o m p l e t e  c y c l e  w i t h o u t  b e i n g  r e s e t .  O v e r
t y p i c a l  l o o p  t i m e s  o f  5 0 - 1 0 0  s  i t  i s  v e r y  d i f f i c u l t  t o  a v o i d  
s i g n i f i c a n t  d r i f t  i n  t h e  l o w - l e v e l  o p e r a t i o n  c h a r a c t e r i s t i c  o f  
a m o r p h o u s  r i b b o n  m e a s u r e m e n t s .
I n  t h e  p r e s e n t  s y s t e m  t h e  a n a l o g u e  i n t e g r a t o r  i s  r e s e t  
e v e r y  t i m e  t h e  f i e l d  i s  c h a n g e d :  t y p i c a l l y  e v e r y  0 . 2 5  s .  D u r i n g  
t h i s  s h o r t  t i m e  t h e  a b s o l u t e  d r i f t  i s  v e r y  s m a l l ;  h o w e v e r ,  t h e  
d i g i t a l  i n t e g r a t i o n  s u m s  t h e  t o t a l  d r i f t ,  s o  t h a t  a t  t h e  e n d  o f  a  
c y c l e  t h e  c u m u l a t i v e  d r i f t  m a y  b e  s i g n i f i c a n t .  I t  h a s  b e e n  
f o u n d  t h a t  u n d e r  n o r m a l  c o n d i t i o n s  t h e  t o t a l  d r i f t  i s  v e r y  
c l o s e l y  l i n e a r  w i t h  t i m e ;  t h i s  m e a n s  t h a t  a  l i n e a r  d r i f t  c o r r e c ­
t i o n  c a n  b e  a p p l i e d  b y  s h a r i n g  t h e  t o t a l  d r i f t  a t  t h e  e n d  o f  a  
c y c l e  e q u a l l y  b e t w e e n  t h e  i n d i v i d u a l  p o i n t s .  ( I t  s h o u l d  b e  
n o t e d  t h a t  t h e  p o i n t s  a r e  e q u a l l y  s p a c e d  i n  t i m e ,  t h o u g h  n o t  i n  
H.) R e s u l t s  s h o w  t h a t  e f f e c t i v e  d r i f t  c o r r e c t i o n  c a n  b e  
o b t a i n e d  i n  t h i s  w a y  i n  c a s e s  w h e r e  t h e  c u m u l a t i v e  d r i f t  p e r  
c y c l e  m a y  b e  a s  m u c h  a s  t h e  f u l l  a m p l i t u d e  o f  t h e  h y s t e r e s i s  
l o o p ,  t h o u g h  f o r  v e r y  l a r g e  d r i f t s  h i g h e r  o r d e r  n o n - l i n e a r i t y  
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F ig u r e  5 .  T im in g  s e q u e n c e  lo r  th e  c o n tr o l  o l  th e  a n a lo g u e  
intcgrator.
6 .  P a r a m e t e r  c a l c u l a t i o n s
6.1. General
I n  a  c o n v e n t i o n a l  a n a l o g u e  s y s t e m  t h e  s a m p l e  c o e r c i v i t y  Hc 
a n d  t h e  r e m a n e n c e  r a t i o  M,/Ms a r e  o b t a i n e d  b y  m e a s u r i n g  
t h e  d i s t a n c e  b e t w e e n  t w o  c h a r t  r e c o r d e r  p e n  l i n e s ,  w h i c h  i n  
m a n y  c a s e s  a r e  o n l y  a  f e w  m i l l i m e t r e s  a p a r t .  T h e  m a x i m u m  
a c c u r a c y  o f  t h e s e  m e a s u r e m e n t s  i s ,  t h e r e f o r e ,  l i m i t e d  t o  a  f e w  
p e r  c e n t  r e g a r d l e s s  o f  t h e  p r e c i s i o n  a n d  s o p h i s t i c a t i o n  o f  t h e  
m a g n e t o m e t e r  i t s e l f .  I n  a d d i t i o n ,  t h e  m a g n e t i s a t i o n  e n e r g y  
Em a n d  t h e  s t a t i c  l o s s  A £ ,  a r e  o b t a i n e d  b y  c o u n t i n g  s q u a r e s  
o n  a  g r a p h  o r  b y  m a n u a l l y  d i g i t i s i n g  t h e  M -H  l o o p  a n d  t h e n  
e m p l o y i n g  a  n u m e r i c a l  i n t e g r a t i o n  r o u t i n e  i m p l e m e n t e d  o n  a  
m i c r o c o m p u t e r  t o  c a l c u l a t e  t h e  a r e a s  e n c l o s e d .  A g a i n  t h e  
a c c u r a c y  o f  t h e s e  m e a s u r e m e n t s  i s  l i m i t e d  n o t  b y  t h e  m a g ­
n e t o m e t e r  b u t  b y  t h e  e r r o r s  i n t r o d u c e d  i n  o b t a i n i n g  t h e  
r e q u i r e d  d a t a  f r o m  t h e  c h a r t  r e c o r d e r  p l o t .  T h e  d i g i t a l  
s y s t e m  e l i m i n a t e s  t h i s  t y p e  o f  e r r o r  c o m p l e t e l y ,  a l l o w i n g  t h e  
r e q u i r e d  p a r a m e t e r s  t o  b e  c a l c u l a t e d  t o  t h e  p r e c i s i o n  o f  w h i c h  
t h e  m a g n e t o m e t e r  i t s e l f  i s  c a p a b l e .
T h e  p a r a m e t e r  c a l c u l a t i o n  s o f t w a r e  w h i c h  i s  c u r r e n t l y  i n  
u s e  i s  d e s c r i b e d  b e l o w .
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6.2. The coercivity
T h e  v a r i a b l e  b , w h i c h  i s  u s e d  t o  a d j u s t  t h e  s h a p e  o f  t h e  d r i v e  
w a v e f o r m  ( § 3 ) ,  f a c i l i t a t e s  t h e  c a l c u l a t i o n  o f  Hc, Em a n d  A £ ,  
b y  e n s u r i n g  t h a t ,  r e g a r d l e s s  o f  t h e  l o o p  s h a p e ,  w i t h  a n  
a p p r o p r i a t e  c h o i c e  o f  b,  a  s u f f i c i e n t  n u m b e r  o f  p o i n t s  w i l l  b e  
d i g i t i s e d  o n  t h e  r a p i d l y  c h a n g i n g  p o r t i o n s  o f  t h e  M -H  l o o p .  I t  
i s ,  h o w e v e r ,  v e r y  r a r e  f o r  a  p o i n t  t o  b e  d i g i t i s e d  a t  e x a c t l y  
M = 0. I n d e e d ,  i n  s o m e  v e r y  s q u a r e  l o o p  C o - b a s e d  s a m p l e s ,  
t h e r e  m a y  o n l y  b e  f o u r  o r  f i v e  p o i n t s  o n  e a c h  e d g e ,  e v e n  w h e n  
u s i n g  a  v e r y  h i g h  s h a p e  f a c t o r .  I n  o r d e r  t o  c a l c u l a t e  Hc , 
t h e r e f o r e ,  t h e  z e r o  c r o s s i n g  p o i n t s  m u s t  b e  d e t e r m i n e d  b y  
s o m e  m e t h o d  o f  i n t e r p o l a t i o n .  T h i s  i s  a c h i e v e d  b y  p e r f o r m i n g  
a  s i m p l e  l i n e a r  r e g r e s s i o n  c a l c u l a t i o n  u s i n g  a  f e w  p o i n t s  o n  
e i t h e r  s i d e  o f  t h e  M =  0  a x i s .  W h e n  t h e  t r u e  z e r o  c r o s s i n g  
p o i n t s  h a v e  b e e n  c a l c u l a t e d ,  e q u a t i o n  ( 1 )  c a n  b e  u s e d  t o  
d e t e r m i n e  Hc. H o w e v e r ,  b e c a u s e  d i f f e r e n t  s a m p l e s  c a n  
p r o d u c e  v e r y  d i f f e r e n t  M -H  c u r v e s ,  i t  i s  n o t  p o s s i b l e  t o  f i x  t h e  
n u m b e r  o f  p o i n t s  f o r  t h e  r e g r e s s i o n  a n a l y s i s  o v e r  w h i c h  t h e  
c u r v e  i s  k n o w n  t o  b e  l i n e a r .  A n  i t e r a t i v e  p r o c e d u r e  h a s  
t h e r e f o r e  b e e n  a d o p t e d .  T h e  p r o g r a m  i n i t i a l l y  c a l c u l a t e s  H t  
u s i n g  o n l y  t h r e e  p o i n t s  i n  e a c h  r e g r e s s i o n  l i n e ;  t h e  c o e r c i v i t y  
i s  t h e n  r e - c a l c u l a t e d  u s i n g  f i v e  p o i n t s  a n d  t h e  t w o  v a l u e s  a r e  
c o m p a r e d .  T h i s  i s  r e p e a t e d  u s i n g  s u c c e s s i v e l y  m o r e  p o i n t s  i n  
t h e  r e g r e s s i o n  l i n e s  u n t i l  t h e  v a l u e s  o f  t w o  c o n s e c u t i v e  
c a l c u l a t i o n s  a g r e e  t o  w i t h i n  a  p r e s e t  t o l e r a n c e .  I f  t h i s  i s  
n o t  a c h i e v e d  b e f o r e  t h e  n u m b e r  o f  p o i n t s  i n  t h e  r e g r e s s i o n  
l i n e  e x c e e d s  e l e v e n ,  t h e n  t h e  w h o l e  p r o c e s s  i s  r e p e a t e d  
w i t h  a  h i g h e r  a g r e e m e n t  t o l e r a n c e .  C o e r c i v i t i e s  o f  l e s s  t h a n  
0 . 5  A  m  " '  h a v e  b e e n  m e a s u r e d  r e p r o d u c i b l y  u s i n g  t h i s  t e c h ­
n i q u e .
6.3. Remanence ratio
I d e a l l y ,  i n  a  l o o p  o f  X  p o i n t s ,  MJM^ c o u l d  b e  o b t a i n e d  s i m p l y  
a s  t h e  r a t i o  M(X/4)/M(X/2)  s i n c e  H(  A 7 2 )  =  H ^ x a n d  
H(XI4) = 0.  T h e  h o r i z o n t a l  c o m p o n e n t  o f  t h e  E a r t h ’s  f i e l d  
a l o n g  t h e  d i r e c t i o n  o f  t h e  s o l e n o i d  a x i s  a n d  a  s l i g h t  d r i v e  
w a v e f o r m  a s y m m e t r y  h a v e  t h e  e f f e c t  o f  d i s p l a c i n g  t h e  l o o p  
a l o n g  t h e  H  a x i s ,  s o  t h e  t r u e  H =  0  p o i n t s  m u s t  t h e r e f o r e  b e  
d e d u c e d  f r o m  t h e  h y s t e r e s i s  l o o p  o b t a i n e d .  T h i s  i s  a c h i e v e d  
u s i n g  t h e  z e r o  c r o s s i n g  p o i n t s  o b t a i n e d  i n  t h e  W c c a l c u l a t i o n  
-  t h e  v a l u e  o f  H  m i d w a y  b e t w e e n  t h e s e  p o i n t s  i s  t a k e n  t o  b e  
t h e  t r u e  H  =  0 .  T h e  c o r r e s p o n d i n g  v a l u e  o f  m a g n e t i s a t i o n  a t  
t h i s  v a l u e  o f  H  i s  t h e n  c a l c u l a t e d  u s i n g  a  l i n e a r  i n t e r p o l a t i o n  
b e t w e e n  t h e  t w o  n e a r e s t  d i g i t i s e d  p o i n t s ;  t h i s  v a l u e  i s  t h e n  
d i v i d e d  b y  M I H ^ )  t o  y i e l d  t h e  r e m a n e n c e  r a t i o .
6.4. Loss and magnetisation energy
T h e  s t a t i c  l o s s  i s  o b t a i n e d  u s i n g  a  s i m p l e  t r a p e z i u m  r u l e  
n u m e r i c a l  i n t e g r a t i o n  r o u t i n e  t o  c a l c u l a t e  t h e  t o t a l  a r e a  
e n c l o s e d  b y  t h e  h y s t e r e s i s  l o o p .  T h e  v a l u e  o b t a i n e d  f o r  A £ ,  i s  
t h e n  u s e d  t o  o b t a i n  a n  a p p r o x i m a t e  v a l u e  o f  t h e  m a g n e t i s a ­
t i o n  e n e r g y  Em.
S t r i c t l y ,  £ m c a n  o n l y  b e  o b t a i n e d  f r o m  t h e  n o r m a l  i n d u c ­
t i o n  c u r v e .  I n  l o w  c o e r c i v i t y  s a m p l e s ,  h o w e v e r ,  i f  t h e  l o c u s  o f  
t h e  a v e r a g e  v a l u e  o f  H  f o r  a n y  g i v e n  p o s i t i v e  M i s  p l o t t e d ,  
t h e n  t h e  a r e a  e n c l o s e d  b e t w e e n  t h e  r e s u l t i n g  c u r v e  a n d  t h e  M 
a x i s  i s  a p p r o x i m a t e l y  Em. T h i s  a r e a  i s  o b t a i n e d  b y  c a l c u l a t i n g  
t h e  a r e a  e n c l o s e d  b e t w e e n  t h e  M a x i s  a n d  t h a t  p o r t i o n  o f  t h e  
h y s t e r e s i s  l o o p  f r o m  H =  0  t o  W  =  W m„  ( a g a i n  u s i n g  t h e  
t r a p e z i u m  r u l e ) ,  a n d  t h e n  s u b t r a c t i n g  o n e  q u a r t e r  o f  t h e  t o t a l  
a r e a  e n c l o s e d  b y  t h e  l o o p  i t s e l f  ( A E , ) .
7 .  I l l u s t r a t i v e  r e s u l t s  a n d  d i s c u s s i o n
F i g u r e  6  s h o w s  s o m e  h y s t e r e s i s  l o o p s  o b t a i n e d  f o r  t w o  r i b b o n  
s a m p l e s  o f  M E T G L A S  2 6 0 5 S C T .  T h e  s a m p l e s  w e r e  t h e  s a m e
t  M L T C iL A S  is a  r e g i s t e r e d  tr a d e m a r k  o f  th e  A l l ie d  C o r p o r a t io n .
H  (kA I l f ')
-O S
- 1.0
H  IkA nT')-0.5
-1.5
F ig u re  6 . T y p ic a l  M t H  l o o p  fo r  m e ta ll ic  g la ss  r ib b o n s  
(M E T G L A S  2 6 0 5 S C ):  ( a )  a s - r e c e iv e d  ( H ,  =  1 2 .5  A m ' ) ;  ( 6 )  a ft e r  
s tr e s s - r e l ie f  a n n e a l  (W c =  6 .8  A  m  ' ) .
s i z e :  2 0 0  m m  l o n g .  2 5  m m  w i d e  a n d  0 . 0 3 5  m m  t h i c k .  T h e  f i r s t  
l o o p  i s  f o r  a s - r e c e i v e d  m a t e r i a l  a n d  t h e  s e c o n d  f o r  s t r e s s -  
r e l i e v e d  m a t e r i a l  ( 2 0 m i n  a t  3 5 0  ° C ) .  I t  s h o u l d  b e  n o t e d  t h a t  
f o r  t h e  c o e r c i v i t i e s  o f  a b o u t  1 0  A  m " 1, t y p i c a l  f o r  t h e s e  
m a t e r i a l s ,  t h e  h y s t e r e s i s  i s  n o t  a p p a r e n t  o n  t h e  H  s c a l e  u s e d  
t o  a c h i e v e  s a t u r a t i o n  i n  a  s t r a i g h t  r i b b o n  w i t h  a p p r e c i a b l e  
d e m a g n e t i s a t i o n .
F i g u r e  7  s h o w s  a  l o o p  o b t a i n e d  f r o m  a  t o r o i d  o f  s t r e s s -  
r e l i e v e d  M E T G L A S  2 6 0 5 S C .  T h e  t o r o i d  c o n s i s t e d  o f  1 5  t u r n s  
o f  2 5  m m  w i d e  m a t e r i a l  w i t h  a n  i n n e r  d i a m e t e r  o f  3 8  m m ,  
w o u n d  w i t h  6 0  s e c o n d a r y  t u r n s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  H
- to o ' -BOO -200 -100 200 
H  (A m"'
100 3 0 0
-0  5
I
F ig u re  7 .  T y p ic a l  Hil l  l o o p  for  a m e ta ll ic  g la ss  to r o id  
( / / ,  = h .X A  m
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scale here is much lower than in figure 6, because the 
demagnetising factor is zero for a toroid. The hysteresis is 
now apparent, though the coercivity is slightly lower.
These results illustrate the effectiveness of the system in 
obtaining drift-free hysteresis loops for amorphous magnetic 
ribbon samples at very low frequencies. Such loops would be 
very difficult to obtain by purely analogue integration, requir­
ing extreme care in reducing the drift. By contrast, the results 
obtained by the present method require no special setting up, 
the system being under the control of a menu-driven 
computer program. The data can be stored on disc for future 
plotting or further analysis.
8. Conclusions
We have described a system for obtaining d c  hysteresis loops 
of amorphous magnetic ribbon material which overcomes the 
problem of drift over long loop times and for small sample 
volumes. Coercivities of less than 1 A m -1 can be reliably 
measured, and the main loop parameters computed.
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Abstract An inverted torsional pendulum  sy stem  for m easuring  the sh ea r  m odulus  
and internal friction of am orphous w ires a s  functions of applied m agn etic  field  and  
axial s tr e s s  is  described . The axial s tr e s s  can  b e  reduced to le s s  than 0 .5  MPa 
(6 mN load). A capacitive rotation sen so r  a c h ie v e s  angu lar position sen sitiv ity  of 
0.5°, and perm its m easu rem en ts at strain le v e ls  a s  low  a s  2.5 x 10~ 8. The 
oscilla tion s are digitized and curve fitted in the tim e dom ain  to obtain m odulus  
v a lu es  with a  typical resolution of 1 in 104. E xam ples are g iven  of data obtained  
with F e-b ased  am orphous w ires.
1. Introduction
As part of a programme to study the magnetoelastic 
properties of amorphous wires, a torsional pendulum 
system has been developed to measure the AG effect, 
that is the change in shear modulus G with applied 
magnetic field H. In the course of this work it became 
apparent that there were large magnetic damping effects 
associated with the changes in shear modulus. The 
system to be described has therefore been designed to 
measure G and internal friction Q ~ 1 as functions of H, 
axial tensile stress and torsional strain.
A particular problem in measuring the properties of 
annealed amorphous wires is their extreme sensitivity to 
axial stress. For example, Wun-Fogle et al (1989) have 
detected changes in the magnetization loop of field- 
annealed Fe-based amorphous wires at a stress of 
0.5 MPa. For a typical wire diameter of 125 //m the axial 
load caused by a weight of 1 g produces a stress of 
0.8 MPa, so it is important to be able to adjust the axial 
load with a sensitivity of less than 1 g.
A form of inverted torsional pendulum has been 
developed by Yoshida et al (1981) for measurement of 
internal friction, and used by Morito and Egami (1984) 
for studying internal friction of amorphous ribbons. The 
system described here differs in four main respects from 
the Yoshida design. (1) The position is measured by a 
capacitive rotation sensor (Peters 1989) to avoid any 
magnetic disturbance and increase the sensitivity at low 
frequencies (2) the tension adjustment is made more 
sensitive by using a beam-balance type counterweight,
0957-0233/92/080735 + 05 304.50 ©  1992 IOP Publishing Ltd
to minimize the axial stress, (3) provision is made 
for applying uniform axial magnetic fields of up to 
8 kA m “ !, and (4) the parameters are extracted by time- 
domain nonlinear least-squares fitting to obtain 
improved resolution for the modulus and reveal any 
amplitude-dependent effects.
2. Experimental details of the system
Figure 1 shows the general arrangement of the pendu­
lum. The wire specimen W, of length 5 -20  cm, is held 
by two rods. The lower rod Rj of aluminium is supported 
by a rigid base A which has provision for fine angular 
adjustment. The upper rod R2 is of telescopic brass 
tubing about 4 mm in diameter. At its upper end it is 
attached to the central disc of the three-plate capacitor 
C. This is suspended by a thread T of unspun silk from 
a 3 mm diameter brass rod B which acts as the beam 
of a counterbalance, pivoted on the knife edge K, and 
carrying a mass M at its other end. The solenoid S is 
35 cm long and has a bore of 5 cm; it produces a field 
of up to 8kA  m -1 , uniform to within 5% over the 
central 20 cm of the axis. A, S and C are all mounted 
rigidly on a vertical optical bench to facilitate precise 
alignment and positioning. The results reported here 
were obtained in air with no vibration isolation, and 
should therefore be regarded as cautious indicators-of 
potential performance.
Figure 2 shows the capacitive rotation sensor in 
more detail. The design is based on the proposal of
735
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Figure 2. D etails  of th e  cap a c itiv e  ro ta tion  s e n s o r
Peters (1989) for a highly linear, frictionless method of 
measuring angular position. The three-layer arrange­
ment eliminates the need for direct connections to the 
ro tor plates at the expense of reducing the range to 
±45°. Since the maximum angles of rotation used in 
these measurements are about ±30° this is not an 
im portant limitation. The plates are fabricated from 
standard copper-clad laminate. Each disc is 6 cm in 
diameter, and they are approximately 1.5 mm apart.
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Figure 3 is a schematic diagram of the measuring 
system. The equivalent circuit of the rotation sensor is 
a capacitance bridge, with the capacitances between the 
fixed drive and pick-up plates modified linearly by the 
rotor plates. Neglecting fringing fields, the capacitance 
values are given by the following expressions:
C j =  C 4 = ( e 0Jif?2/4 d X l +  26/n)
C2 =  C3 =  (e0n R 2/4d)(\ — 20/n)
Cs = C6 = E0n R 2/2d
where R is the radius of the plates, d is the distance 
between them and 0 is the angle of rotation.
The supply to the bridge is approximately 5 V rms 
at 700 kHz. In signal mode the bridge output is connec­
ted via a differential amplifier to a lock-in amplifier 
referenced to the signal generator. The output is a d c  
voltage linearly related to the rotation angle, with a 
sensitivity of about 10 mV deg-1 . This voltage is then 
digitized and stored in the computer for analysis. For a 
typical case the period is 1 s; eight cycles are stored as 
400 points. The chart recorder is for monitoring purposes 
only.
A useful optional feature is the high DC voltage that 
can be applied to the plates of the rotation sensor in 
order to initiate the oscillations. The extreme fragility 
of the sample and suspension sometimes makes manual 
rotation unsuitable. The application of voltages in the 
range 1-1.5 kV across the plates produces a small torque; 
repeated application and removal of the voltage in 
synchrony with the rotation period enables the ampli­
tude to be increased to the desired value. A switch unit 
containing high-voltage relays reconnects the bridge to 
the signal amplifier when oscillation has been initiated.
3. D ata  a n a ly s is
It is assumed that the signal can be fitted locally by the 
function
y = b 0 exp(-kt)cos((o0t + <p)+b1 (1)
where the right-hand side represents a damped sinusoidal 
oscillation with amplitude b0, angular frequency to0, 
initial phase <p, decay constant k, and d c  offset V  b0 is 
proportional to the torsional strain, and the conversion 
factor can be found by measuring the signal amplitude 
for known rotation angles, and from the dimensions of 
the wire. <p is an arbitrary phase angle that depends on 
at which point in a cycle of oscillation the time t begins. 
The parameters of principal interest are the damping 
exponent k and angular frequency co0. from which the 
internal friction Q ~ x and shear modulus G can be 
derived using the relationships (2) and (3):
Q ” 1 =  2nk/u)0 (2)
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Figu re  3. C ircuit d ia g ra m  of th e  ro ta tion  s e n s o r  b rid g e , s ig n a l c ap tu re  
an d  initial d is p la c e m e n t s y s te m s  T he  c ap a c ito r  v a lu e s  a re  d e te rm in ed  
by th e  g e o m e try  of th e  ro ta tio n  s e n s o r  show n  in figure  2.
Here / is the length of the wire, r its radius and / is the 
moment of inertia of the upper rod and rotor plate.
The reason for choosing time-domain analysis in 
preference to Fourier transformation (Yoshida et al 1981) 
is that the latter requires several cycles of oscillation to 
give adequate resolution. In cases of large damping this 
obscures the strain dependence of the parameters, which 
is an im portant feature of the behaviour of some am orph­
ous wires. The same limitation applies to the method of 
Malkinski and Malkinski (1990). If enough points are 
digitized in each period of oscillation it is possible to 
calculate the damping and period over a single period, 
and hence derive the internal friction and shear modulus 
as functions of the strain, which is proportional to the 
amplitude. Nonlinear least-squares fitting of the function 
(1) also gives reliable estimates of the statistical uncer­
tainties in the derived parameters.
4 . I llu stra tive  r e s u lt s  an d  d is c u s s io n
The performance of the system is illustrated by results 
taken with a sample of amorphous wire with composi­
tion Fe77 5Si7 5B 15 (Unitika Ltd Type AF-10). The 
sample was 22 cm long and had a diameter of 125 /mi. 
In the as-cast state amorphous wires have large internal 
stresses which limit the AG effect and internal friction 
to very low values. Interesting magnetoelastic effects 
appear when the casting stresses are reduced or removed 
by annealing.
Figure 4 shows two digitized traces taken after 
annealing for 30 min at 460°C, together with the fitted 
curves of function (1). Figure 4(a) was taken with an 
applied field of approximately 1 k A m ' 1, strong enough 
to take the sample close to magnetic saturation; this 
removes the domain structure that is responsible for the 
low-frequency magnetomechanical damping. The 
residual damping apparent in figure 4(a) is the air 
damping of the rotor; the magnetic part of the internal 
friction is obtained by subtracting this from the total. It 
can be seen that the fitted curve is a good fit to the 
experimental data over the whole trace. Figure 4(b) was 
taken with a lower applied field, for which the magneto- 
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Figure 4. E xam ples  of d ig itized  s ig n a ls  (poin ts) an d  fitted 
function  (1) (c on tinuous  cu rv es) for (a) low in te rn a l friction 
(b) h igh  in te rn a l friction.
the fitted curve is unable to follow the data over the 
whole trace, showing that the parameters k and w0 are 
not constant.
In order to fit the data under conditions of strong 
internal friction it is necessary to limit the range of data 
used in the curve fitting to a small number of cycles, so 
that amplitude is approximately constant. In cases like 
that shown in figure 4(b) fitting is restricted to one or 
two cycles. This allows the amplitude (strain) dependence 
of the shear modulus and internal friction to be deduced.
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The number of digitized points used in such local fitting 
is typically 100, which still allows good statistical esti­
mates to be made. In order to illustrate the ability of 
the system to reveal the complex magnetoelastic behav­
iour of amorphous wires we include selected graphs of 
the torsional strain and magnetic field dependence of 
the shear modulus and internal friction (figures 5-8). 
These were taken using a sample annealed for 5 min at 
460°C.
Figure 5 shows the variation of shear modulus with 
torsional strain at two levels of axial stress in zero 
applied field. The precision of the fit is such that the 
uncertainties in the shear modulus are less than the size 
of the plotting points (typically less than 1 in 104). The 
higher axial stress corresponds to an axial load of only 
6g , showing how important it is to be able to make 
measurements with axial loads of less than 1 g. Figure 6 
shows the corresponding variations of internal friction 
with torsional strain. Here it can be seen that the 
uncertainties in the fitted parameter k are significant, 
especially at low strain. This is an inevitable consequence
E 20 -
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Figure 5. S h e a r  m od u lu s  a s  a  func tion  of to rs io n a l s tra in  
fo r a n n e a le d  am o rp h o u s  w ire , for te n s i le  s t r e s s  of 
•  0.4 M Pa; B 5 .1  M Pa (H =  0). T h e  lin e s  a r e  in te rp o la ted  for 
g u id a n c e .
10‘ xTorsional strain
Figure 6. In terna l friction a s  a  func tion  of to rs io n a l s tra in  
fo r co n d itio n s  of figu re  5. E rro r b a rs  a r e  95%  co n fid en ce  
lim its, and  th e  lin es  a r e  in te rp o la te d .
Q . 60 -u
0 2 4 6 8 10
Applied field (kA/m)
Figure 7. S h e a r  m odu lus  a s  a  function  of a p p lied  m ag n e tic  
field tor a n n e a le d  am o rp h o u s  w ire  a t a  to rs io n a l s tra in  of 
2 x 1 0 ” 5 and  axial s t r e s s  of 0.4 MPa. T he line is 
in te rp o la ted
Applied field (kA/m)
Figure 8. In ternal friction a s  a  function  of ap p lied  m a g n e tic  
field for co n d itio n s  of figu re  7. T he line is in te rp o la te d
of system noise for small-angle oscillations. The torsional 
strain values in figures 5 and 6 are strictly the maximum 
strains, which occur at the surface. The strain increases 
from zero at the axis to the surface value. The effect of 
variable strain in magnetoelastic materials has been 
discussed by Cochardt (1956).
Figures 7 and 8 show the magnetic field dependence 
of shear modulus and internal friction, with minimum 
axial stress. The torsional strain was chosen to maximize 
the field dependence of the shear modulus; figure 6 
shows this to occur near 2 x 10” 5.
The ability to measure the magnetoelastic parameters 
of amorphous wires under controlled conditions of 
applied magnetic field and axial stress, and as functions 
of torsional strain, is essential in characterizing their 
technical properties for applications. It is also an import­
ant tool in understanding the domain structure. More 
detailed accounts of the results, and discussion of the 
underlying physical processes, have been reported else­
where (Atalay and Squire 199la,b)
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Torsional pendulum for amorphous wires
S. Conclusions
A form o f torsional pendulum has been described that 
is especially suited to the measurement o f shear m odulus 
and internal friction in iron-based am orphous wires. The 
shear m odulus can be measured with a typical precision 
o f better than 1 in I04; parameters can be calculated 
from a single period o f oscillation if required.
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2.4 High-resolution AE Measurements
1. Introduction
The measurement of the field dependence of the elastic moduli has been reviewed in 
Paper 1.1 (pp. 8-13) In particular, the Vibrating Reed Method of Berry and Pritchet (1975) 
has been identified as the preferred method for studying amorphous ribbons, wires and 
films. A fairly detailed description of this method has already been given (pp. 10-11), so 
this section will be restricted to recent developments that have allowed significant advances 
to be made in the use of this technique for studying domain processes.
The use of the term "high resolution" in this context refers to the ability to see very 
small changes in the Young's modulus E  as the applied field H  is changed. Hitherto the 
main reason for measuring E(H) has been direct interest in the magnetoelastic behaviour o f 
materials for potential use in sensors or other devices. This remains an important reason for 
making such measurements, but there is a second reason, namely the use of the method for 
studying the physics of domain processes. This is not a new idea; indeed , in the 
monumental work of Becker and Doring (1939) AE measurements were used implicitly for 
this purpose. ( The term "AE-Effekt" was introduced by them.) However, the potential for 
AE measurements as a technique for studying domains seems not to have been appreciated 
until very recently. This may be because the measurements have been rather tedious and of 
limited precision. The improvements described here overcome both of these obstacles. Data 
will be presented to indicate some of the possibilities that have now been opened up for a 
much wider use of the method.
2. Description of the System
2 .1  Open-loop operation
Fig. 1 shows a block diagram of the prototype analogue system. The sample is 
clamped between aluminium plates, which are attached to an electromagnetic vibrator (Ling 
Dynamic Systems Model 201). This is excited in the horizontal plane by a function 
generator with a voltage-controlled oscillator (VCO) (Philips Model PM5134). The 
vibrations of the sample are sensed optically by the vertical beam from a 1 mW He-Ne laser 
and a split photodiode (Centronics LD2A-5T). The beam is aligned to fall symmetrically 
onto the two halves of the photodiode, so that when they are connected in series opposition 
the output is zero. Any lateral displacement of the sample results in an imbalance of the
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Fig. 1. Block diagram of the analogue prototype system for automatically tracing the 
resonant frequency of a vibrating sample as a function of magnetic field. V.C.O. denotes 
a voltage-controlled oscillator; L.I. A. denotes a lock-in amplifier.
signals from the two halves, and a net output. For displacements of up to about 0.1 mm the 
output is a linear function of the displacement, although this is not essential for this 
application, since only the frequency is required to be measured. The diode is connected to 
a lock-in amplifier (LIA) referenced to the VCO, so that the dc output voltage is 
approximately proportional to the vibration amplitude of the sample. The magnetic field is 
provided by a pair of Helmholtz coils, energised by a low-frequency sweep source and a 
bipolar power supply.
In manual operation the field is set to a particular value, and the frequency of 
vibration is adjusted manually until the LIA output registers a maximum. The field is then 
changed, and a series of frequency/field values is built up. From these the Young's modulus 
E is calculated as a function of the applied field H, using the formula
/■-%sr. m
where f n is the frequency of the n,h mode, i is the thickness, / is the free length and p is the 
density. The mode constants cn for the first five modes are given by (Berry and Pritchet
1975) 0.280, 1.75, 4.91, 9.62 and 15.9. It should be noted that these do not form a
harmonic sequence. In practice it is rarely found that the measured frequencies fit this
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sequence exactly because of inhomegeneities in the sample cross-section and local variations 
in the Young's modulus. Also, because the thickness is not precisely defined for typical 
ribbon geometries, it is not usually possible to determine the absolute value of E  from this 
formula. The normal practice is therefore to normalise the modulus to its saturation value 
Es. Occasionally, when the material is magnetically hard, saturation may not be reached; in 
this case the modulus can be normalised to the zero-field value E0.
2 .2  Closed-loop Operation
The manual mode of operation described above is limited both by the time taken to 
obtain a complete E(H) plot and, more seriously, by the limited precision set by thermal 
drift. A more convenient method, that also allows drift to be reduced and compensated for, 
is to make the system operate in closed-loop mode. This allows the system to lock onto the 
resonant frequency and follow small changes rapidly and precisely. This is achieved by 
closing the feedback loop shown in fig. 1. When correctly adjusted for phase this has the 
effect of maintaining the VCO frequency at precisely the right frequency for resonance.
Standard feedback analysis can be used to analyse the closed-loop operation. Let the 
vibrator amplitude be u. The amplitude of vibration at any point along the sample will then 
be given by
x = mQu , (2)
where m is a numerical factor of order unity that describes the mode shape, and Q is the 
Q-factor of the resonance. The photodiode response can be written approximately as a 
voltage proportional to the displacement,
Vd= a x .  (3)
The LIA output is a dc voltage
Pl = Y ^ cos<|>, (4)
where y is the gain and <J) is the phase difference between signal and reference. If <|> is
adjusted to be 90° at resonance, it may be shown that
*-2 fiom, (5)
w here/is the excitation frequency and f 0 is the resonant frequency.
Expressions (2)-(5) may be combined to give the open-loop transfer function relating the 
output voltage VL to the input frequency/ ,  namely
A = 2aym(^u/f0 . (volts/Hz) (6)




where P is the VCO calibration constant, and also the feedback ratio (Hz/Volt).
The closed-loop transfer function is therefore given by
Ac = A/( 1 +A$) .  (8)
For sufficiently high loop gain ( A P » 1  ) the transfer function is approximately
Ac*  1/p . (Volts/Hz) (9)
This shows that, under properly controlled conditions, the LIA output voltage
connected to the Y channel of the X-Y recorder is a direct measure of the resonant
frequency.
3. Sample Results




Fig. 2. Example of a frequency-field trace taken directly from the X-Y plotter shown 
in fig. 1. The sample was a 50x1.5 mm ribbon ofMETGLAS 2826MB, a moderately 
magnetostrictive amorphous alloy, in the as-cast state. The free length was 25 mm, 
and the frequency of the third mode at saturation was 610 Hz.
Fig. 2 is an example of a relatively large AE effect, where the frequency change is about 5% 
of the saturation value. The main problem in obtaining traces of this type is loss of lock, 
caused by inadequate loop gain. This arises principally from two sources: static flexing of 
the ribbon in the applied dc field and internal friction. If the sample is initially curved, as
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often happens with as-cast amorphous materials, a strong dc field straightens it. This can 
displace the sample with respect to the laser beam and photodiode, resulting in a reduced 
value o f a  in eq. (3) and the open-loop transfer function A (eq. (6)). Internal friction 
reduces the Q-factor of the resonance. In annealed amorphous alloys this effect can be large 
and field dependent (See Paper 4.7, pp. 112-116). This also results in a reduced transfer 
function. It can thus happen that, during a field sweep, the loop gain A0 falls below the 
value required for adequate frequency lock, and the system loses the resonance. A further 
source of lost locking is the presence of spurious mechanical resonances or electromagnetic 
interference within the frequency range of the sample resonance.
Useful though the automatic frequency tracking is for strongly magnetoelastic 
samples, its power is more evident in the study of weakly magnetoelastic samples. The AE 
effect can be small either because the saturation magnetostriction is small, or because the 
anisotropy is large, or because the easy axes are inclined at small angles to the applied field 
(Paper 1.3, pp. 25-36). In addition, thin film samples on relatively thick, nonmagnetic 
substrates are constrained and therefore exhibit weak AE effects. Fig. 3 shows an example 
o f a very small AE effect in an amorphous ribbon with nominally zero magnetostriction.
1 Hz
1 kA/m > A
Fig. 3. Frequency-field trace for 77x1 mm ribbon of amorphous (C o ^ F e ^ S i , ,^ .
The free length was 15 mm, and the frequency of the sixth mode at zero field 
was 7.53 kHz. The saturation magnetostriction for this alloy is nominally zero.
An effect clearly visible in fig. 3 is the pole effect, first discussed by Berry and Pritchet 
(1979). This acts to stiffen a sample as the field is increased, appearing like an increase in 
the Young's modulus. It is characterised by a linear field dependence beyond magnetic 
saturation, and decreases approximately as the inverse square of the mode number, which is
why such a high mode was used to obtain fig. 3. When a correction is applied for the small 
residual pole effect there remains a distinct AE effect, amounting to less than 1 part in 104, 
but clearly above the noise level.
Fig. 2(a) of Paper 4.10 (pp. 127-129) shows an example of the small and subtle AE 
effect accompanying the large Barkhausen effect in as-cast iron-based amorphous wires. 
Fig.4 below shows this effect more clearly. The improvement in signal-to-noise ratio has 
been achieved by straightforward averaging, resulting in a resolution of about 1 part in 105 
This example illustrates the high-resolution capability of the system rather beautifully. 




-1 0 0 -50 0 50 100
Field (A /m )
Fig. 4. High-resolution AE plots for as-cast Fe^ jSi^B^ amorphous wire. The 
noise level has been reduced by averaging four traces.
Sample lengths were (a) 10 cm, (b) 6.6 cm
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Magnetostrictive response of metallic glasses
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The ultimate response of sensors employing the magnetostrictive properties of metallic glasses 
depends on efficient transfer of strain between the system under investigation and the 
transducer. In this paper the effect on magnetostriction of applying bonding agents is studied 
using a model system, which takes account o f application to a fiber-optic magnetometer. 
Measurements are presented of the dc M-H, k-H, and k-M  loops. Results for as-received and 
stress-relieved samples are compared, and are discussed in terms of the domain and spin 
geometry of the specimens. The implications for fiber-optic magnetometers are considered.
INTRODUCTION
Iron-rich metallic glasses possess high values of satura­
tion magnetostriction and low coercivities which indicate 
potential application in optic-fiber magnetometers. 1
In creating the sensing element, metallic glass strip 
bonded to a length of optic fiber with the coating removed, a 
number of factors must be taken into account.
The magnetostrictive response of metallic glasses, as 
with all magnetic materials, is a strong function of domain 
geometry and spin rotation, the maximum response coming 
from magnetization processes involving 90* moment rota­
tion. For a metallic glass the nature of the magnetization 
process is a strong function of thermomechanical history. In 
the as-received state, due to the quenching stresses, the do­
main geometry is complex with bulk and closure domains, 
and there is a significant contribution to magnetization from 
non-180° spin motion. The quenching stresses can be re­
lieved to give a simpler domain pattern.2 Transverse field 
annealing can produce a magnetization process which is 
dominated by 90* spin rotation. 3
The mechanical properties of the bonding agent are very 
important. Ideally the bond is such that the optic fiber exact­
ly follows the magnetostrictive strain in the metallic glass. 
This can never be true in practice, and consideration must be 
given to having as rigid a bond as possible without the corre­
sponding mechanical constraint on the metallic glass domin­
ating the magnetostrictive response.
Bucholtz et al. 1 have investigated the loading effect of 
epoxy adhesive using a combination of Mach-Zehnder and 
Michelson interferometers and METGLAS® 2605S2. Their 
data were taken at 12 Hz in a maximum field o f 3200 A /m . 
They report that the maximum measured strain was reduced 
by a factor of 6  due to the epoxy.
In this paper the strain transfer from metallic glass to 
fiber, the effects of thermal heat treatment, and the mechani­
cal loading on the metallic glass are discussed using quasi-dc 
measurements.
EXPERIMENT
All measurements have been made on METGLAS® 
2605SC (5 0 x 5 x 0 .0 3 5  mm), which has a quoted4 satura­
tion magnetostriction in the as-received state o f 30 X 10-6 . 
The magnetostrictive response (microstrain, A ) as a func­
tion of applied field was measured at 0.025 Hz using a high- 
resolution direct reading system which we have recently de­
veloped.5 The M -H  loops at 0.06 Hz were produced using an 
upgraded version of a system described previously.6 The two 
sets of data were then combined to form K-M  plots for ease of 
comparison.
Figure 1 shows the M -H  loop data for a single specimen. 
Data were collected for the as-received sample and then a 
stress-relief anneal (10 min at 703 K in air) was performed. 
As expected, the magnetic anisotropy is reduced, the re­
maining anisotropy being chiefly due to demagnetizing ef­
fects (N d =  2 .1X 1 0 ~ 4). The specimen was'then coated 
with a layer o f cyanoacrylate adhesive (Loctite) to a thick­
ness in the range 18-32 fim. The M -H  loop was remeasured. 
This adhesive was removed using boiling water, and a layer 
of epoxy adhesive (CIBA-GEIGY GY250 epoxy resin with 
HY837 hardener 35% by weight) applied to a thickness in 
the range 5-19 fim. A satisfactory method of making the 
coatings more uniform in thickness has yet to be investigat­
ed. The epoxy was removed using dichloromethane and then 
a compound specimen was made up to study strain transfer. 
This involved bonding three lengths o f optic fiber (STL sin­
gle mode fqr 1.15 fim ), with outer sheath removed, to the 
metallic glass using cyanoacrylate and then bonding an 
opaque mica tag onto the fibers where they protruded over
M(A/m) 1-25 
x106
~~i i i i iJ 1 2  3 4  5 6 H(A/m)x105
FIG. 1. M-H loops at 0.06 Hz. (• • •) as-received; (—) annealed 10 min at 
703 K; (— ) epoxy coated; (------) cyanoacrylate coated.
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F I G . 2. M icro s tra in  ( A )  a g a in st field  at 0 .0 2 5  H z  for  th e  c y a n o a c r y la te  
c o a te d  s p e c im e n .
one end. This tag is used as the shutter in the fiber-optic 
dilatometer5 used to measure A. The M -H  loop was remea­
sured and found to be identical with that for the specimen 
just coated in cyanoacrylate shown in Fig. 1.
In parallel with the above the A-H  data were collected. 
A check was made at each stage that on removal of adhesive 
the response returned to that of the annealed sample. Typi­
cal data are shown in Fig. 2. Using the data of Fig. 1 and data 
of the form of Fig. 2, the A-M  plots were produced as shown 
in Figs. 3 and 4.
The A-M  results were reproducible within 5%  for the 
as-received and annealed specimens. Some problems were 
encountered with specimens coated in adhesive due to the 
nonuniform thickness allowing the sample to flex away from 
the measurement axis. The results presented are mean values 
of at least six results for the coated samples, and the trends 
indicated by comparison of data sets are clear.
DISCUSSION
It is the domain and spin structure of the metallic glass 
which will determine the magnetostrictive response (A ); the
A
M ( A / m )
F I G . 3 . M ic r o s tr a in  ( A )  a g a in s t m a g n etiz a t io n . ( •  • • )  a s-r e c e iv e d ; ( — ) a n ­
n e a le d  lO m in  a t 7 03  K ; ( — ) e p o x y  c o a te d ; ( - - - - - )  c y a n o a c r y la te  c o a te d .
T h e  d o tte d  l in e  m a rk s th e  sa tu r a tio n  m a g n etiz a t io n .
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m en . ( ----- ) m e ta ll ic  g la ss  re sp o n se; ( — ) o p tic -f ib e r  r e sp o n s e .
more the magnetization process (M -H ) is dominated by 90° 
spin rotation the greater the value of A for a given value of M . 
The as-received sample has a large anisotropy energy (see 
Fig. 1) and a small coercive field (10 A /m ), and hence the 
magnetization process has a large contribution from spin 
rotation as opposed to domain wall movement. Stress-relief 
annealing significantly reduced the anisotropy energy, and 
the remaining anisotropy energy can be attributed to the 
demagnetizing factor. From domain wall studies7 it is 
known that such treatment produces 180* domain walls 
chiefly lying along the long axis of the sample. The domain 
wall width is large as the anisotropy energy is low; it can be a 
few micrometers, and there will now be a smaller contribu­
tion to the magnetization process from spin rotation, except 
in the region of these wide domain walls. Applying a layer of 
adhesive to the surface of a metallic glass will cause the mate­
rial to be stressed, the adhesive placing the material under 
biaxial compression as it cures. In material with a positive 
magnetostriction such compressive stress will cause the 
magnetization vector to turn towards the perpendicular to 
the ribbon plane. The domain pattern will now involve sur­
face closure domains and the magnetization process will 
have a greater contribution from spin rotation than in the 
annealed state. This is evidenced as an increase in anisotropy 
energy as seen in Fig. 1. The cyanoacrylate has a greater 
effect than the epoxy as it forms a more rigid layer when 
cured. As the sample is magnetized, and the magnetostric­
tive response develops, the degree of mechanical constraint 
of the adhesive layer will also introduce anisotropy through 
the stress-magnetostriction coupling. The cyanoacrylate 
will again give the greater effect.
The data of Fig. 3 can be interpreted from the M -H  data. 
We present the data as, A-M  rather than A-H  to highlight the 
loading effect, and the strain transfer to the optic fiber. If the 
loading effect of the adhesive was negligible, then for a given 
M  the value of A should be independent of the treatment, the 
anisotropy energy contribution having been accounted for.
Gibbs e t at. 3785
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All the curves show hysteresis as is standard for such mea­
surements (see, for example, Bozorth8 ). A  plot of A against 
M 2 shows linearity for the region coming down from satura­
tion, demonstrating clearly that spin rotation is dominant.8
The as-received sample shows the largest maximum 
strain, close to the quoted saturation value. Stress relief has 
degraded the microstrain for all values of M , as a result of the 
reduction in spin rotation processes. Applying epoxy to the 
annealed specimen has produced no change in the maximum 
strain and little evidence of loading. The cause of the in­
creased hysteresis is not understood. Coating the annealed 
specimen with cyanoacrylate has increased A for all values 
o f M. The cyanoacrylate has increased the contribution from 
spin rotation in the magnetization process without giving 
excessive mechanical loading.
Figure 4 is the most significant for application purposes. 
The fiber shows a reduced response from the metallic glass to 
which it is bonded. Given the problems in reproducibility 
with the coated specimens, the strain transfer can be put 
between SO and 75%. This is markedly better than the result 
of Bucholtz et a l.x Detailed comparison is not possible as 
their measurements were at ac without saturating the sam­
ple. Also their specimen was transversely field annealed be­
fore measurement. This would give maximum strain before 
bonding as the magnetization process is pure spin rotation in 
such a sample, and the bonding may have altered the spin 
structure from the ideal. Also their epoxy layer was 1 mm 
compared to our few tens of micrometers, increasing the me­
chanical constraint to a significant extent.
CONCLUSIONS
The magnetostrictive response of a metallic glass at fre­
quencies below 1 Hz is closely linked to its domain and spin 
structure. The response can be modified by heat treatment of 
the sample or by bonding to the surface. If a thin layer of 
cyanoacrylate is used to bond optic fiber to metallic glass, 
then upwards of 50% strain transfer is possible in magne­
tometer applications.
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THE CONTROL OF ENGINEERING MAGNETOSTRICTION IN METALLIC GLASSES
M.R.J. Gibbs, P.T. Squire, P.J. Ford and D Brugel.
School of Physics, University of Bath, BA2 7AY, UK.
Abstract
We report measurements of the field and magnetisation 
dependence of magnetostriction as a function of thermal 
treatment and specimen surface finish for an iron-rich 
metallic glass. If surface oxidation is avoided the 
magnetostriction for any field is increased after 
annealing. Maximum engineering magnetostrictions of 
the order of AOppm are presented.
Introduction
Application of metallic glasses to devices such as 
hydrophones and magnetometers requires optimisation of 
the field dependence of magnetostriction. In particu­
lar the incremental change of magnetostriction with 
applied field needs to be maximised. Conventionally 
the control of magnetostrictive response has come about 
through transverse field annealing to give maximum 
moment rotation. There is evidence that although the 
domain structure may well be defined there is a large 
spread in the angle between the moments and the subse­
quent direction of magnetisation [1], Also, it has 
been shown that the magnetostrictive response is 
degraded by bonding or mechanical constraint [2,3].
Domain studies in Fe-based metallic glasses [4] show 
that annealing close to the crystallisation temperature 
can produce a transverse domain structure similar in 
macroscopic form to that produced by field annealing. 
The surface topology of the ribbon samples also plays 
a part in determining the domain structure, and hence 
the magnetostriction, through stress concentration or 
local surface demagnetising factors.
Previous measurements of saturation magnetostriction 
as a result of stress-relief annealing in Fe-B metallic 
glasses have indicated an increase in magnetostriction 
[5,6].
In this paper we report the first measurements of the 
field and magnetisation dependence of magnetostriction 
after stress relief, and after the introduction of a 
small fraction of crystallites. Samples of the same 
composition but different surface finish were also 
investigated to look for effects of surface topology.
Equipment and Materials
Measurements of saturation magnetostriction in metallic 
glasses are not straightforward [7], and the same 
arguments apply to measurements of the field dependence 
of magnetostriction. The problem is interaction 
between the measurement system and the sample. In an 
attempt to limit constraint of the specimen, we have 
devised a fibre-optic dilatomer for direct measure­
ment of changes in sample length (termed engineering 
magnetostriction) [8]. Measurements from this 
apparatus have been combined with magnetisation loops. 
The frequency of field sweep is 0.025Hz in both 
measurements.
Standard samples of METGLAS 2605SC (Feel B u .s SiM  C,) 
5cm X 1cm X 35pm, and special production samples 
5cm X 1cm X 25um were prepared from the edges and 
centre of 2.5 cm wide strip. The surfaces of the 
special samples away from the casting substrate were 
particularly smooth. DSC at a heating rate of lOK/min 
gave a crystallisation temperature of 753K for both 
samples, and a Curie temperature of 645K for the 
standard sample and 655K for the smooth. All samples
were checked for amorphicity in the as-received state 
using X-ray diffraction.
All heat treatments were performed in air. In some 
cases the samples were placed onto a large preheated 
aluminium plate;in other cases they were introduced 
to the furnace on a cold plate of aluminium which 
slowed the sample heating rate. Cooling of the 
samples was at an estimated rate of lOOK/s, again in 
air. The only field present was the ambient field.
All samples were degreased before mounting in the 
dilatometer, and before heat treatment unless other­
wise stated.
Results
Fig.l. Shows the upper quadrant magnetisation loops 
for the standard and smooth samples in the as-received 









Fig. 1. Magnetisation curves. (— ---) standard sample.
(------) smooth sample (------ ) standard sample
annealed for 10 mins. at 712K.  .....  smooth sample
annealed for 10 mins. at 712K.
Fig. 2. illustrates the magnetostriction versus applied 
field behaviour for the standard samples. The micro­





Fig.2. Micfostrain against applied field for the
standard material. (------- ) as received. (------ )
annealed 5 mins. at 733K. (-----  )crystallised at 743K
for 10 mins.
As discussed previously [2] it is often more instruc­
tive to present the data as microstrain against 
magnetisation to remove the effect of variations in 
magnetisation energy. Figs. 3 and 4 show such plots 
for the standard and smooth samples. For clarity, 
hysteresis [2] in some of these curves is not shown.
Fig. 3. Microstrain against magnetisation for the
standard sample. (------- ) as received. (—  — )
annealed 10 mins. at 707K. (-------) annealed 10 mins.
at 712K.
CT
0-25 0 5  0 7 5  ,  1C
MAGNETISATION [106A/m]
1 2 5
Fig A. Microstrain against magnetisation for the
smooth sample. (------) as received.     annealed
10 mins. at 685K. (------- ) annealed 10 mins. at 707K.
(----— ) annealed 10 mins at 712K.
Tables 1 and 2 summarise the data for standard and 
smooth samples. The microstrain quoted is for a 
maximum aoplied field of 5000A/m and is close to, but 
not equal to, the saturation microstrain as can be 
seen from Fig.2. The microstrain values have an 
associated error of No significant difference
was found between the samples cut from the edge or the 
centre of the strip.
TREATMENT Hc (A/m) A COMMENTS
As received 
616K (10 mins) 
621K (10 mins) 
707K (10 mins) 
712K (10 mins) 
728K (5 mins) 
733k (5 mins) 
733K (5 mins) 





















| Furnace at 673K 
Oxidised
Cryst
TABLE 1. Results for Standard Samples
TREATMENT Hc (A/m) A COMMENTS
As received 3.0 13
623K 1.5 17
626K 1.5 23
r Furnace at 673K
712K 10.2 35
TABLE 2. Results for Smooth Samples





There is a clear difference between the as-received 
states of the standard and smooth samples. In Fig. 1. 
the magetisation energy of the smooth sample is much 
reduced from that of the standard sample. This result, 
with the increased Curie temperature in the smooth 
sample, suggests that the changes in production tech­
nique giving the improved surface finish lead to a 
stress relief anneal. Further evidence for this can 
be drawn from the magnetostriction data on the as- 
received samples given in Tables 1 and 2. If the 
sample is well stress relieved, without crystallis­
ation, then the domain pattern simplifies to that of 
longitudinal domains [6]. The magnetisation process 
is then dominated by wall motion rather than moment 
rotation and the microstrain will be small.
Coercivity is a sensitive test of the onset of crystal­
lisation [9J. As a stress relief is achieved the 
coercivity is reduced, and then as crystallisation 
begins.the coercivity begins to rise sharply. Samples 
heated on a cold aluminium block never reached the 
set point of 673K, but show evidence of stress relief 
(See Tables 1 and 2). The temperature quoted is the 
maximum temperature reached after 10 mins. The micro- 
strain for these temperatures is only slightly 
increased upon the value in the as-received cases. The 
magnetisation energy of the standard sample has 
decreased significantly after this treatment, but that 
of the smooth sample is little changed (See Fig.l). 
Without domain observations to support the conclusions 
we can only say that although there must still be 
significant moment rotation in both samples, the micro­
strain being high, the anisotropy torque locking the 
moments into the off magnetisation axis direction must 
have been reduced by heat treatment.
We next take the case of the standard sample annealed 
at 743K for 10 mins. This sample has a large coercive 
field in the maximum available field of lOOOOA/m 
indicating very substantial crystallisation. The 
hardness of the magnetisation process is reflected in 
the collapse of microstrain shown in Fig. 2. Clearly, 
substantial crystallisation reduces the magneto­
strictive response in a given applied field and the 
response has a large hysteresis.
All of the other measurements show a small increase of 
the coercivity afte»- heat treatment. The sample 
surfaces are not discoloured ercept in the case of the 
standard sample annealed at 712K. Domain studies [4] 
have shown that the stress field of the crystallites 
can produce transverse domains. As expected for such 
a domain configuration the microstrain has increased. 
Within the scatter of the results there is a slow rise 
in maximum microstrain as the level of crystallinity 
increases. The assumption of an induced transverse 
domain geometry is supported by the data of Figs. 3 
and 4. For any given magnetisation level, the micro­
strain has increased after annealing. To achieve the 
given level of magnetisation, the magnetisation 
process must involve a greater degree of moment 
rotation than in the as-received samples. There is an 
associated increase of up to four times in the incre­
mental change of microstrain with applied field after 
annealing. The implications of this for magnetometers 
will be discussed elsewhere.
The standard sample annealed at 712K was not cleaned 
before annealing and as a result the sample was heavily 
oxidised. The microstrain is suppressed as shown in 
Fig.3. This result correlates with our earlier 
measurements [1] where the samples oxidised. The oxide 
coating on cooling must place the sample in tension and 
override the formation of transverse domains due to the
crystallites.
Comparison of the results from the standard and smooth 
samples after annealing shows that the presence of 
crystallites dominates the microstrain response irres­
pective of surface finish. When the sample is just 
stress relieved the microstrain is smaller in the 
smooth sample.
Conclusions
If oxidation can be avoided, the magnetostrictive 
response of metallic glasses can be enhanced by 
annealing to introduce a small volume fraction of 
crystallites. The mechanism by which this is achieved 
is believed to be production of a transverse domain 
geometry by the stress fields of the crystallites. The 
surface finish of the ribbons plays a minor role in 
the magnetostrictive response after such annealing.
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Particulate metallic glass composite magnetostrictors for interferometric 
magnetometry
D. Brugel, M. R. J. Gibbs, and P. T. Squire
School o f Physics, University o f  Bath, Bath, BA2 7A Y, United Kingdom
The design of sensor heads for fiber optic interferometric magnetometers is critical when sub- 
nano-Tesla fields are to be measured. Magnetically soft metallic glasses can exhibit large 
magnetostrictions and are candidates as materials for this application. However, their 
usefulness is limited at high frequencies through eddy current losses in bulk materials. This 
paper discusses the use of particulate metallic glasses in an inert binder. Measurements are 
presented on magnetization and magnetostriction of these composite materials in the quasi-dc 
regime. Their dynamic behavior when used as magnetic field sensors is also described.
I. INTRODUCTION
The use of magnetostrictive particles as sensor head 
constituents for interferometric magnetometers (for princi­
ple, see, for example, Ref. 1) has the potential of partly over­
coming sensitivity reductions at high frequencies due to 
eddy current loss.
A preliminary study of the magnetization loop and mag­
netostriction of Metglas 2605SC (Ref. 2) in a platelet state is 
presented. The specimens are a composite of the magnetic 
material in platelet form embedded in a binder.
A number of parameters may be influential in the 
achievement of a useful magnetostriction value (at least a 
few ppm ). They fall into two related categories: (a) those 
which affect the magnetostriction and magnetization of indi­
vidual platelets: platelet size, shape, and annealing condi­
tions; and (b) those which control the magnetization of the 
specimen and its (engineering) magnetostriction X: platelet 
orientation, packing factor, voids volume fraction, and me­
chanical properties of the matrix. The importance of each of 
these parameters (except platelet geometry, over which we 
have at present no control, and voids volume fraction for 
which results are not available at the time of writing) is dis­
cussed on the basis of systematic measurements of M -H  and 
X-H  loops after a section on the production of platelets and 
preparation of specimens. In the light of these results an 
attempt is made to use the optimum composite as a magnetic 
sensor head constituent in an all-fiber Mach-Zehnder inter­
ferometer.
II. PLATELET PRODUCTION AND SPECIMEN 
PREPARATION
25-mm-wide Metglas 2605SC was embrittled in air at 
450 *C for 10 min. The strip was then cut into 50-75 mm 
lengths for a ball mill which was run for 24 h at approximate­
ly 60 rpm. This produced platelets having a range of sizes 
after sieving: <53, 90-150, and 180-250 fim . It should be 
noted that these sizes are well above the critical dimension 
for single domain behavior. X-ray diffraction did not reveal 
any sign of crystallization.
The magnetic material was mixed by hand in the select­
ed binder: epoxy, cement, or engineering adhesive.3 The 
composite was then placed in a jig for curing. Specimens of 5 
cm X 1-2 mm diameter were thus produced.
III. INFLUENCE OF SELECTED FACTORS ON dc 
MAGNETIZATION LOOPS AND MAGNETOSTRICTION
For sensor applications one objective is a large gradient 
of magnetostriction with applied field (AX /A H ). This re­
quires a large magnetization change with the applied field, 
both at dc and modulation frequencies. The factors men­
tioned in the Introduction were taken in turn and the mag­
netization and magnetostriction loops were measured using 
the apparatus described in Refs. 4 and 5, respectively.
Figure 1 shows the effect of platelet size range on the 
following properties: (a) magnetization at the maximum 
field available (9000 A /m ), (b) coercive field (H c) corre­
sponding to a minor loop (9000 A /m  is not sufficient to take 
any specimen to saturation), and (c) magnetostriction (ob­
tained between 0 and 6000 A /m ).
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F I G . t . M a g n e t iz a t io n  at 9  k A / m  ( a )  c o e r c iv e  fie ld  ( b ) ,  a n d  d c  m a g n e to ­
str ic t io n  ( c )  a s  a  fu n c tio n  o f  p la te le t  s iz e  ran ge. T h e  M e tg la s  2 6 0 5 S C  (R e f .  
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( G Y 2 5 0 /H Y 8 3 7 )  (R e f .  2 )
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For 70% weight of magnetic material in an epoxy bind­
er, the change in magnetization is roughly fivefold (from 75 
to 390 kA /m ) for platelet sizes varying from 50 to 250 fim  
but may vary according to other factors. The specimens have 
low susceptibility and the magnetization at 9000 A /m  is well 
below the bulk magnetization at this level of drive field. On 
the other hand, H c varies from a few thousand to a few 
hundred A /m  as size increases, but is still well above the 
bulk value.
The magnetostriction values for all the ranges of platelet 
size are of the order of 0.1 ppm, much smaller than that of 
the bulk value (30 ppm) for the as-received state. However, 
despite a spread of results reflecting the variations between 
nominally identical samples, Fig. 1 shows an upward trend 
for the magnetostriction as the platelet size increases; maxi­
mum values of 0.4 ppm were obtained for the larger sizes.
The effect of annealing was investigated on platelets of 
< 53 fim; these were annealed prior to immersion in the ep­
oxy matrix at 380 *C for 10 min in a flow of argon pressur­
ized at 1/2 atm. A reduction in H c was observed (1.5 kA /m  
down to 0.6 kA /m ) and also an increase in the magnetiza­
tion (52-80 kA /m ). The magnetostriction of the epoxy 
composites with preannealed platelets was not distinguish­
able from unannealed ones.
In order to investigate platelet orientation, two epoxy 
composite specimens with their long axes orthogonal were 
placed for curing in a field of 0.4 T parallel to one of the long 
axes. The hysteresis loops were then measured and the 
change in their shape suggests orientation of the platelets 
(Fig. 2). Any coercive field change was undetected, and the 
magnetostriction values lie in the range of results of Fig. 1.
The magnetic material concentration was stepped from 
70% to 85% by weight in an epoxy matrix for the size range 
90-150fim. Figure 3 shows an increase in the magnetization 
at 9000 A /m . A possible change in coercive field was again 
not detected, and the magnetostriction is small.
To assess the role of the matrix, the platelets ( < 53 f im ) 
were immersed in the unactivated resin GY250 (viscosity of 
22-28 Pa s at 21 *C). Another specimen was prepared in the 
usual way, with a hardener. The results were a decrease in 
magnetization from 87 to 75 kA /m  going from the soft to the 
hard matrix; the coercive field underwent the same trend,
( k A / m )
100
( k A / H
F I G . 2 . E ffect o f  c u r in g  in  a  0 .4  T  m a g n e t ic  fie ld  o n  th e  h y s te r e s is  lo o p . T h e  
sp e c im e n s  w e r e  9 0 - 1 5 0-/rm  p la te le t s  o f  M e tg la s  2 6 0 5 S C  ( R e f . 1 )  e m b e d d e d  
in  a n  ep o x y  m a tr ix  ( G Y 2 5 0 / H Y 8 3 7 )  ( R e f . 2 )  a n d  p a c k e d  a t 7 0 %  o f  s p e c i ­
m e n  w e ig h t, ( a )  F ie ld  p a r a lle l t o  s p e c im e n  a x is , ( b )  n o  fie ld , ( c )  fie ld  i .
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F I G . 3. E ffect o f  p la te le t  c o n ce n tr a t io n  ( %  o f  sp e c im e n  w e ig h t ) o n  m a g n et­
iz a t io n  a t  9  k A /m  for  9 0 - 1 5 0 -p m  M e tg la s  ( 2 6 0 5 S C ) p la te le ts  ( R ef. 1) in  an  
e p o x y  m a tr ix  ( G Y 2 5 0 /H Y 8 3 7 )  (R e f .  2 ) .
from 2.7 kA /m  down to 1.5 kA/m.-This was also observed 
for thermally treated (preannealed) platelets and gave a de­
crease of magnetization form 139 to 80 kA /m ; the coercive 
field was down from 830 to 530 A/m. The comparison 
between various cured binders never exhibited such a 
change. In this case the importance of the binder lies rather 
on its effect on the magnetostriction, easiness of platelet ori­
entation, and high achievable packing factor. For orienta­
tion, we need a low initial viscosity matrix; for a high magne­
tostriction, experience shows that the epoxy binder inhibited 
the specimen expansion less than cement (Autostic) and 
engineering adhesive (Rocksett).3 If a thermal treatment is 
required, we need a binder with high-temperature capabili­
ties. These requirements are not always compatible.
IV. OPTIMUM MATERIAL FOR A MAGNETIC SENSOR
The composite chosen was an 80% weight concentra­
tion of 190-250 fim  thermally treated (380 *C, 10 mins in \ 
atm argon) platelets oriented along the length of a GY250- 
HY1341GB matrix specimen. The magnetization at 9000 
A /m , the coercive field, and the dc magnetostriction were 
290 kA /m , 340 A /m , and 0.43 ppm, respectively. The re­
sponse at 1 kHz of this sensor head and a strip of bulk materi­
al were measured in a standard all-fiber Mach-Zehnder in­
terferometer. 1
The output was obtained as a function of dc bias field. 
For comparison, the rms value of the ac field was taken to be 
half the coercive field of the sample studied, i.e., 3.1 A /m  for 
the Metglas strip and 170 A /m  for the composite. In this 
condition and in the linear region of the curves the ratio of 
the slopes (d<f>/dH) between composite- and strip-based sen­
sors outputs was 0.01 to 0.02. This shows the difficulty of the 
composite to be magnetized at ac as well. The extent of the 
quasi-linear region for the composite sensor is about 15 k A / 
m against 1.7 kA /m  for the Metglas strip. 20 kHz was the 
upper Umit for a response of the composite to a 1 kHz, 80 A / 
m ( rm s) field whereas the strip reacted to 3.1 A /m  (rm s) at 
100 kHz.
V. DISCUSSION
The coercive field of the composites is very much larger 
than in the bulk material, but annealing can lead to partial 
recovery. Hc decreases with increased platelet size both in
Brugel. Gibbs, and Squire 4250
- 82 -
the unannealed and annealed states. There is no detected 
packing factor dependence of coercive field.
These results indicate that the magnetization process in 
the composite materials is governed by the magnetic proper­
ties o f the individual platelets. Optical microscopy reveals 
ploughing and bending of the platelets, and Gibbs et al.* 
have demonstrated the increase o f Hc on inhomogeneous 
deformation and its recovery by annealing. Therefore, the 
increased H c ( compared to annealed platelets) is ascribed to 
inhomogenous plastic deformation of the platelets during 
ball milling. Maximum domain wall pinning comes when 
the pinning center is spatially of the order of the domain wall 
width.6 Given that there is nO observable packing factor de­
pendence o f H e, we assume that there are no domain struc­
tures larger than the platelet size, and hence that the domain 
wall pinning centers are within each platelet. The shear 
bands and their associated strain fields are therefore the like­
ly cause of domain wall pinning in the individual platelets.
After annealing, the irregular surface topology may pro­
vide the difference from the bulk material and explain the 
size dependence of H c as the surface-to-volume ratio in­
creases with decreasing size.
Figure 1 shows the magnetization increasing as the par­
ticle size increases. Also, annealing increases the magnetiza­
tion in the maximum field. We therefore assume that the 
magnetization attained is again determined by the individual 
platelets. Inhomogeneous deformation increases magnetiza­
tion energy because the smaller the platelet the greater the 
degree of deformation, explaining the subsequent reduction 
in magnetization observed. Annealing reduces the stress in 
the platelets and leads to a reduction of magnetization ener­
gy and an increase in magnetization. Curing the epoxy ma­
trix does decrease the magnetization, showing that there is 
an interaction between the platelets and matrix.
Figure 2 reveals a decrease of the spread in platelet ori­
entation with respect to the specimen long axis. This is sup­
ported by optical observation and results in the increase in 
the magnetization. There is some magnetostatic interplatelet 
interaction as there is a packing factor dependence of magne­
tization (Fig. 3).
The magnetostrictions achieved are all very low com­
pared to bulk material. The magnetization energies and co­
ercive fields are large, and in the fields available the magneti­
zation change, and hence magnetostriction, is small. Also 
the matrix may constrain the material or give poor strain 
transfer. More importantly, the gradient of magnetostric­
tion with applied field, the crucial parameter for sensors, is 
very low, and this is reflected in the interferometer results.
VI. CONCLUSIONS
In general, for metallic glass platelet composites, the 
magnetization, coercive field, and engineering magnetostric­
tion were severely degraded compared to results on ribbon 
material of the same composition.
Consequently, the performance of the composite as a 
magnetic sensor head in a Mach-Zehnder interferometer 
was also worse than for ribbon form material: the ac (1 kHz) 
field-induced electrical output phase change with dc field 
was 2%  o f the as-received sensor response. The primary 
cause o f this is the low susceptibility of the composite giving 
little magnetization change, and hence a small magnetostric­
tive response.
ACKNOWLEDGMENTS
We acknowledge the award o f an S.E.R.C. cooperative 
grant with S.T.C. Technology Ltd. for this program.
'A. Dandridge, A. B. Tveten, G. H. Sigcl, Jr., E. J. West, and T. G. Giallor- 
enzi. Electron. Lett. 16, 508 (1980).
2Metglas is a registered trademark of the Allied Corporation.
3Epoxy Resin GY250; hardeners HY837 or HY134IGB [Ciba Gcigy 
(UK), Ltd. ]. Autostic: industrial adhesive/cement, Rocksett: engineering 
adhesive (Carlton Brown and Partners, Ltd.).
4M. R. J. Gibbs, J. E. Evetts, and N. J. Shah. J. Appl. Phys. 50,7642 (1979). 
5P. T. Squire and M. R. J. Gibbs, J. Phys. E 20,499 (1987).
*B. D. Cullity, Introduction to Magnetic Materials (Addison Wesley, Read­
ing. MA, 1972), p. 320.
4251 J. Appl. Phys., Vol. 63. No. 8 ,15 April 1988 Brugel, Gibbs, and Squire 4251
- 83-
On the choice of a magnetostrictive transducer for interferometric 
magnetometry
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We report a study o f the ac-induced magnetostriction o f METGLAS 2605SC metallic glass 
ribbons, showing that transverse-field-annealed samples are extremely sensitive to small tensile 
stresses, and that under such conditions superior results can be obtained by annealing to 
produce a small volume fraction of surface crystallites.
I. INTRODUCTION
The principles of fiber-optic interferometric magneto­
meters using the magnetostriction o f metallic glasses as the 
transduction mechanism are well established (see, for exam­
ple, Ref. 1). The optimization o f the transducer requires 
knowledge of the quadratic dependence of the magnetostric­
tion X on the applied magnetic field H  (Ref. 2):
X *= C H 2, (1)
where C  is the quadratic coefficient.
Current practice is to use a transverse-field-annealed 
metallic glass ribbon as the sensor because such material 
produces the largest available quadratic coefficient C in the 
quasi-dc field dependence of magnetostriction.
However, this is not the only criterion for best results 
because the response of the material as a transducer can be 
reduced by causes such as loading effects o f the fiber/adhe­
sive3,4 and dynamic conditions including ac susceptibility, 
eddy current losses, and ac behavior o f the bond. We shall 
show that this loss in signal depends on the treatment under­
gone by the material and can be formalized by a “strain 
transfer coefficient” 17, defined in the following way. The 
static magnetostriction of an unloaded specimen is measured 
in a fiber-optic dilatometer.3 From this the value o f C in Eq. 
(1) can be deduced. Then the ac response o f the same speci­
men is measured in a fiber-optic magnetometer, yielding 
(from the slope of the interferometer output in its linear 
region) a value for the quadratic coefficient. We then 
write
Crf =  77C, (2)
thus defining the strain transfer efficiency 17. It includes all 
the causes for loss of interferometer output mentioned 
above.
17 is a dynamic factor, as the study of the elongation of 
the fiber bonded to the samples under study here 
[METGLAS 2605SC: as-received (A R ), thermally treated 
(TT), and transverse field-annealed (F A )] shows a very 
good strain transfer in the near-dc regime (.rjoMt s; 1 ) for all 
specimens.
Therefore, the combination o f the static characteristic 
(C) and the ac behavior (17) has to be considered in the 
choice o f transducer. 17C is thus a good figure of merit, as it 
comes into all sensitivity calculations. We show that it is the 
dynamic strain transfer efficiency (0.93,0.50, and 0.26 for 
as-received, thermally treated, and transverse field an­
nealed, respectively) that takes the ac in situ response of the 
thermally treated sample to a higher value. The origin of the 
different values for 17 is attributed to a lower torque locking 
the moments in their transverse direction for the FA speci­
men, which can also explain the stress sensitivity of its re­
sponse.
Thus under certain conditions a potentially better speci­
men (transverse-field-annealed METGLAS 2605SC) from 
the point o f view o f its C  value can turn out to be a worse 
sensor than what is a priori a less promising sample (heat- 
treated METGLAS 2605SC).
II. EXPERIMENTAL DETAILS
Preliminary measurements of the dc magnetostriction 
as a function of a slowly varying magnetic field ) were 
performed using the fiber-optic dilatometer on three 5 x 1  
cm X  25 fim  METGLAS 2605SC samples cut from the edge 
o f a 2.5-cm-wide ribbon: as-received (A R ), thermally treat­
ed (T T ), and transverse field annealed (F A ). The details of 
the treatments are given in Table I. For theTT specimen, the 
conditions o f anneal were taken to give a peak magnetostric­
tion o f 50 ppm (Ref. 6 ) achieved via control o f the coercive 
field (F ig .l). The results are given in Fig. 2. Sensor heads 
were constructed using AR, TT, and FA specimens for use 
in the interferometer: one arm was fitted with the three 
transducers. They were bonded to an unstripped optical fi­
ber with one spot o f cyanoacrylate at each end. The bias and 
modulation magnetic fields could activate only one trans­
ducer at a time. To study the loading effect, a load could be 
applied to the sensitized fiber as one end was clamped and 
the other connected to a nylon string transmitting the stress 
created by weights. Conditions of measurement were as fol­
lows: the ac modulation field amplitude was 4 A/m; the 
slowly varying bias field (0.01 Hz) was a sawtooth shape 
between ±  15000 A/m ; the time constant of the detector
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t io n s  o f  a p p r o x im a te ly  SO p p m  w ere  o b ta in e d  for  s p e c im e n s  su b je ct  to  
4 6 0  *C for  5 m in .
was 0.3 s; and the system operated in the open-loop mode.
The ac field-induced magnetostriction in terms of the 
optical phase change was measured as a function of bias 
field. At “optimum” bias field, the response reached a peak 
whose amplitude was followed as the load was varied up to 
50 g (Fig. 3) corresponding to stresses on the fiber of 
between approximately 1 and 10 MPa, ignoring the metallic 
glass. Note that these values are too low to alter the mechani­
cal properties of the fiber,7 and that all the mechanical reson­
ances of the system are at frequencies in excess of 10 kHz.
III. RESULTS AND DISCUSSION
A. Applied str e ss  effect on  maximum ac-induced  
m agnetostriction (Fig. 3)
The maximum ac-induced phase change varies as 




F I G . 2 . M a g n eto str ic t io n  o f  M E T G L A S  2 6 0 5 S C  a s  a  fu n c t io n  o f  a p p lie d  
q u a si-d c  fie ld , ( a )  A s-r e c e iv e d , ( b )  T h e r m a lly  tr ea ted  ( 4 6 0 *C fo r  5 m in ,  
c o o lin g  r a te  a p p r o x im a te ly  1 0 0 * C /m in ) .  ( c )  T r a n sv e rs e  fie ld  a n n e a le d  

















F I G . 3 . M a x im u m  a c -in d u c e d  p h a se  c h a n g e  u n d er  a  4  A / m  a m p litu d e , 1 
k H z  fie ld  a s  a  fu n c tio n  o f  a p p lied  loa d . X  A R ; •  T T ; A  F A .
In the region of no applied load, the spread of values is 
high. This is due to an ill-defined zero-stress condition, as 
bending (arising from a loose fiber) or slight tension (on a 
straight fiber) will cause a state of stress.
As soon as loads of about 10 g are applied, the value of 
the output is more defined and a clear pattern appears: sta­
bility of the response of the TT specimen at around 50 mrad 
and collapse of that of the FA specimen. Under modest 
loads, the FA sample response rapidly approaches the low 
value found in AR samples.
In addition to the study of the peak response, as the 
applied stress is varied, it is also useful to look at the extent of 
the quasilinear region in the interferometer response as a 
function of bonding conditions (Table II).
In the light of the results of Fig. 2 and Table II, the 
choice for a good transducer appears to be either transverse- 
field-annealed metallic glass having a high C value , bonded 
to a short length of fiber with minimum adhesive (this ap­
proach was investigated in Ref. 3) or thermally treated me­
tallic glass having a somewhat lower C value but compensat­
ed by reduced sensitivity to stress and thereby capable of 
withstanding more adhesive and fiber without undue degra­
dation of the response. Let us formalize this in more detail.
B. Analysis of the data for applied loads o f 10 g
The values of the parameters of interest are given in 
Table III. Of great interest here are the quadratic parts of the 
curves of Fig. 2 and their field derivatives, for the output of 
the PSD tuned at the ac bias field frequency varies similarly. 
More precisely (dX / d H ^  )mMX has to be maximized for ac 
operations and so has dX /dH dc in the quadratic region ofX-
T A B L E I I .  E x ten t  o f  q u a silin ea r  reg ion  in  A / m  fo r  th e  tw o  ty p es  o f  a n n ea l­
in g  a t e st im a te d  ze r o  stre ss  for  fiber b o n d ed  to  th e  fu ll len g th  o f  th e  sp ec i­
m e n  a n d  b o n d ed  at e n d s  o n ly .
F u ll b o n d E n d  b o n d s
T T 9 0 0 8 6 0
F A 6 7 5 4 5 0
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TABLE III. Parameter* of interest C is in 10~ 12 (A /m ) "* and obtained 
from a ieast-squares fitting of the dilatometer output (Fig. 2). Slope is in 
/*rad/( A /m ) and is the experimental value of the slope in the linear region 
measured on the interferometer in terms of phase change. C is obtained 
from injecting the slope value into Eq.(5). The values given are ±  5%.
C Slope 17C V
AR 15 45 14 0.93
TT 105 168 53 0.50
FA 180 150 47 0.26
Hdc for dc operation and the closed loop mode of measure­
ment.8 The magnetostriction in low field is governed by Eq. 
(1) which describes the quadratic part of Fig. 2 near H  =  0.
In the interferometer, provided the amplitude of the ac 
bias field is small and for a strain transfer independent of dc 
bias, the ac field scans A-H ^  and the ac output as a function 
of will resemble dA /d H dc. The ac-induced output at the
frequency a> is
A (6 ))= 2 VCH„Hac. (2)
Although in principle tj contains the effect of the dynamic 
regime on the material’s susceptibility, the difference in ac 
response between TT and FA cannot here be ascribed to 
differences in susceptibilities, as at 1 kHz they are the same 
within 5% (Fig. 4). The susceptibility plotted is the magni­
tude ac susceptibility.
Practically, we measure the ac-induced phase change; it 
is given by
=  (2ir/A0)nL0.9(2VCHmcH ic ). (3)
Here L  is the length of sensitized fiber (0.05 m ), n the 
refractive index of the medium (1.46), A0 the wavelength of 
the light beam (1.15 f im ), and the factor 0.9 is obtained from 
the expression of the phase change in terms of the refractive 
index change brought about by the strain in the fiber via the 
photoelastic tensor (see, for example, Ref. 9 for details.).
We have (taking =  4.4 A /m ) and using Eq. (3):




FIG. 4. METGLAS 2605SC ac susceptibility as a function of exciting fre­
quency for different states: X  AR; •  TT; □  FA. Exciting field: 4 A /m  am­
plitude.
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Here 3.15 X KfCrj is the slope value measured in the linear 
region of the interferometer output:
Slope =  3.15X 10  ^tjC. (5)
The slope in the linear region is proportional to the quadratic 
coefficient. Thus, Table III, column 1 shows that FA can 
theoretically exhibit an ac response against dc field having a 
slope in the linear region an order of magnitude higher than 
its as-received counterpart and almost twice the value for 
TT. However, this is not the case in practice and it is TT 
which provides the highest slope at 1 kHz and under slight 
tension (Table III, column 2). From this we extract a value 
for the efficiency of the transducers to convert ac field into ac 
phase change (Table III, column 4). C was measured on 
both the metallic glass, and, using a tag on the optical fiber, 
for the fiber bonded to the metallic glass.4 For all specimens 
the values were very close, so
lim 77 =  =  1.
/ - o
The consequence is that the causes for discrepancies 
between Table III, column 1 and column 3 are essentially a 
dynamic feature not due to differences in ac susceptibility 
when TT is compared with FA.
The results show that for transducers under slight ten­
sion submitted to a 1 kHz modulation, although FA is theo­
retically a good choice as transducer constituent (Fig. 2), it 
is TT which copes better with the constraints of being a 
transducer. This applies to both dc (Table I I I ) and ac detec­
tion (in Fig. 3 the output at optimum bias field is higher for 
TT). We interpret the results as follows.
A tensile stress applied to a material with positive mag­
netostriction will turn the moments towards the stress direc­
tion. The FA sample has moments aligned at right angles to 
the tensile stress direction and in the ribbon plane as a result 
of the field-induced anisotropy, 10 and hence the applied 
stress will turn the moments from their optimum orienta­
tion. In the TT sample the moments are again at right angles 
to the stress direction, but now perpendicular to the ribbon 
plane in the bulk with a closure domain structure on the 
surface. 11 In this case they are oriented by the strain field of 
surface crystallites. The anisotropy torque for field-annealed 
samples10 is always lower than for torques due to stress fields 
and hence the applied load will perturb the FA sample more 
than the TT sample. This gives an optimally prepared TT 
sample an advantage over a FA sample for applications 
where the sensor head may be strained. This may particular­
ly apply to sensitivity to differential thermal expansion 
between metallic glass, bonding agent, and fiber.
IV. CONCLUSION
Tests on the ac-induced magnetostrictive response of 
METGLAS 2605SC have been carried out under load on 
samples in the as-received, thermally treated, and trans­
verse-field-annealed states. Of the three states, it is the one 
widely used as magnetostrictive transducer for interferomet-
Brugel. Gibbs, and Squire 3151
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ric magnetometers (the third) that presented the highest 
sensitivity to applied stresses.
Also it was shown that loading the transducer with the 
adhesive/fiber had the effect of reducing the response o f the 
interferometer. Thus it is expected that a metallic glass sub­
ject to a suitable thermal treatment may turn out to be a 
better choice for sensor heads requiring long lengths o f fiber 
and large amounts of adhesive.
A  consequence of these results is that (generally speak­
ing) a material cannot be chosen on the basv.s of its dc charac­
teristics (C) only; the ac behavior has to be included via the 
strain transfer efficiency 17, an essentially dynamic coeffi­
cient (17-* 1 at dc). The combination of the two into 17C that 
we can call is a figure of merit of magnetostrictive trans­
ducers for interferometers and can be assessed by characteri­
zation of the transducer on a dilatometer (dc) and the inter­
ferometer (ac).
On this basis, we have shown that under moderate loads, 
an optimized thermal treatment is preferable to a transverse- 
field anneal to maximize the ac magnetostrictive response of 
METGLAS 2605SC.
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Optimization of magnetostriction in metallic glasses
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United Kingdom
We demonstrate the enhancement of magnetostrictive response due to surface crystallites for a 
range of Fe-based metallic glasses. The data are interpreted in terms of the strain fields of the 
crystallites.
INTRODUCTION
The maximum dimensional change of a magnetostric­
tive material occurs when the magnetization process is 
dominated by moment rotation. Surface crystallization1 can 
introduce an anisotropy component perpendicular to the 
plane of a metallic glass, and such a regime should enhance 
the magnetostrictive response if the sample is magnetized in­
plane. For sensor applications magnetic softness is desirable, 
and it is known that the coercivity rapidly increases as a 
metallic glass crystallizes.2 A compromise must be sought 
between magnetic softness and useful magnetostrictive re­
sponse. This is best examined through the coercivity, H r, the 
quadratic coefficient, C, relating the low-field magnetostric­
tion to the square of the applied field, and the maximum 
differential magnetostriction, dA /dH .
We have already reported results on METGLAS 
2605SC3,4 annealed close to the crystallization temperature. 
Comparison with field annealed samples has been reported 
elsewhere,5 indicating that in a packaged device the crystal­
lized samples have an advantage over the field annealed sam­
ples. Here we extend the previous data set, and demonstrate 
the generality of the enhancement by examining three other 
Fe- or FeNi-based alloys.
EXPERIMENTAL DETAILS
The measurements have been taken as described pre­
viously.4 METGLAS 2605SC (T x =  480 *C),3 VITRO-
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F I G . I . M a x im u m  m ic r o s tr a in , A m , in  a fie ld  o f 4 2 0 0  A / m  p lo tte d  a g a in s t  
c o e r c iv ity , / / , ,  for  M E T G L A S  2 6 0 5 S C . T h e  d a sh e d  lin e  m a rk s  th e  b o u n d ­
a ry  b e tw e e n  a m o r p h o u s  a n d  c r y s ta l liz e d  s a m p le s . S a m p le s  a n n e a le d  fo r  10  
m in  c lo s e  to  T , .  O , • :  d a ta  o n  tw o  s a m p le s  a n n e a le d  at 3 7 5  *C.
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VAC 4040 (T , =450*C ), VITROVAC 7505 ( Tx 
=  500*C),6 and F e ^ N i^ B .jS i, ( T =  465 *C)7 have been 
studied. All samples were cut down to 1X 5 cm2 for the-mea- 
surements. Each result is a mean of four measurements on 
one sample.4
RESULTS AND DISCUSSION
Figure 1 shows data for METGLAS 2605SC The dia­
monds are for samples annealed for 10 min very close to  the 
quoted crystallization temperature. The data are scattered 
due to difficulty in controlling the heating and coohng cy­
cles. The vertical dashed line demarcates between samples 
that are amorphous or crystalline according to the criteria of 
Ref. 2. Samples well to the right of the line (JHe > lO A /m ) 
show a-iron with x-ray analysis. The highest values o f mi­
crostrain A ( 106 6 I / I )  occur for H c cz 10 A /m . The data 
shown with open and closed circles are for two samples an­
nealed at 375 *C. The problems of data scatter are signifi­
cantly reduced as we are well below the crystallization tem­
perature. These data are best interpreted in conjunction with 
Fig. 2, which is the same data plotted as a function of anneal­
ing time. Despite significant differences ia the as-received 
values of magnetostriction (the samples were cut from the 
edge and middle of 4-in.-wide strip), the first heat cycle ho­
mogenizes the response. Distinction is again made between 
samples which are amorphous or crystalline. A thermal 
treatment which reduces Hc (Fig. 1), and retains the amor­
phous phase, does not enhance the magnetostrictive re­






F I G . 2. M ic r o s tr a in , A ,„ , a s  a  fu n c tio n  o f  a n n e a lin g  t im e  fo r  tw o  s a m p le s  
( ( ]> ,•  ) o fM E T G A S 2 6 0 5 S C  a n n e a le d  at 3 7 5  *C. T h e  d a sh e d  l in e  m a r k s  th e  
b o u n d a r y  b e tw e e n  a m o r p h o u s  a n d  c r y s ta l lin e  s a m p le s .
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F I G . 3. M ic r o s t i  a in . A , a s  a 
fu n c t io n  o f  m a g n e t iz a t io n . 
M,  fo r  V I T R O V A C  7 5 0 5 .
( -- - - ) a s -r e c e iv e d ;  ( — )
4 2 0  *C; ( . . . . . . . . . ) 4 4 0  *C;
4 8 0  *C; <-«H )
5 0 0 ’C; ( - - - - - - ) 5 2 0  *C; a ll
fo r  5 m in
Further work is needed to establish whether the crystal mor­
phology from annealing well below the crystallization tem­
perature can produce maximum microstrains in excess of 50.
It is important to establish the generality of the result for 
other compositions. Figure 3 shows data for VITROVAC 
7505. X-ray diffraction showed a-iron in all samples, includ­
ing the as-received. The volume fraction remained constant 
except for the two highest annealing temperatures. The ini­
tial heat treatments led to relief of the quenched-in stress and 
a reduction in coercivity, and then the presence of the sur­
face crystals was able to dominate the sample anisotropy. 
Figure 4 shows data for VITROVAC 4040. T'-NiFe was on 
both surfaces in all samples, with a-iron appearing during 
the two highest temperature anneals. The coercivity only 
rose when a-iron appeared. Figure 5 shows data for the
F I G . 5. M ic r o s tr a in , A , a s  a  fu n c t io n  o f  m a g n e t iz a t io n , M,  fo r  a n  F e N iS iB
a llo y . ( - - - - ) a s-r e c e iv e d ;  ( - - - - - - - ) 4 0 0  *C; ( — ) 4 2 0  #C ; ( — — ) 4 8 0 * C ;  a ll
fo r  5  m in .
FeNiSiB alloy, a-iron was present in all samples. The coer­
civity rose slightly in the highest temperature anneal. The 
general conclusion is that surface crystallites can enhance 
the magnetostrictive response. The enhancement is greatest 
in an Fe-only alloy. The coercivity can be held at around 10 
A /m  (field annealed straight strip samples have H e zz4 
A /m ), and the magnetization energy remains very close to 
the stress-relieved value, yet the maximum microstrain can 
be doubled.
Taking data for the FeNiSiB alloy (Fig. 6), in the as- 
received sample C =  36 m2/A 2 and dA /d H  =  0.01 m/A. 
For the heat treated sample C — 240 m2/A 2 and 
dA /d H  =  0.04 m /A . This degree of change is typical. C and 
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F I G . 6 . T h e  fie ld , H,  d e p e n d e n c e  o f  m ic r o s tr a in . A , a n d  m a g n e t iz a t io n ,  M,  
for an  F e N iS iB  a llo y . ( - - - - ) a s-r e c e iv e d ;  ( - - - - - - - ) 4 0 0  *C fo r  3 0  m in .
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factor o f 10 from the as-received values.3 However, a true 
comparison o f field annealed and surface crystallized sam­
ples must take into account constraints of sensor manufac­
ture.3
CONCLUSIONS
The data presented demonstrate that the controlled in­
troduction o f surface crystallites can enhance the magneto- 
strictive response of metallic glasses. Maximum micros­
trains can be doubled, and technical properties can be 
improved that allow use in sensors in direct competition 
with samples whjch have been field annealed.
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M A G N E T O ST R IC T IO N  O F  O B L IQ U E L Y  A N N E A L E D  M E T A L L IC  G L A S S  
P.T. SQ U IR E, M .R.J. G IBBS and A .P. T H O M A S
School o f  Physics, University o f Bath, Bath BA 1 7A Y, UK
The engineering magnetostriction of three Fe-based metallic glasses has been measured after annealing in magnetic fields at 
angles between 0 ° and 90 ° to the ribbon axis. The maximum magnetostriction and quadratic coefficient are consistent with a 
distribution of initial moment angles with standard deviations o f the order o f 1 0 ° .
1. Introduction
The magnetoelastic properties of metallic glasses can 
be adjusted significantly by appropriate choice of com­
position and thermomagnetic treatment. In particular, 
the magnetostriction can be enhanced by a transverse- 
field anneal. According to the simplest model [1], this 
results in a domain configuration with moments point­
ing in alternate directions across the ribbon axis. A 
sufficiently strong applied field along the axis then 
rotates the moments by 9 0 ° , producing the maximum 
magnetostriction of ?AS, where As is the spontaneous 
magnetostriction. Evidence from Mossbauer measure­
ments [2] suggests that, even after a transverse-field 
anneal, the initial moment directions within a domain 
are distributed over a considerable angle, perhaps as 
much as ± 5 0 ° . One consequence of this is that the 
magnetoelastic response of a field annealed ribbon to 
an applied magnetic field will be modified from that 
predicted by the simple model. The effect on the elastic 
modulus (A E  effect) has already been reported [3], 
together with a mathematical model that allows distri­
butions in both the initial moment direction and the 
anisotropy magnitude. Full details of the model will be 
reported elsewhere.
In an earlier study of magnetostriction, Bucholtz et 
al. [4] used a Gaussian distribution of easy axis direc­
tion to model the measured magnetostriction in samples 
of Metglas 2605-S2 annealed at various temperatures 
and times in transverse fields of various strengths. They 
deduced a standard deviation of 10° for the distribu­
tion of initial moment directions. In this paper we 
present detailed measurements of magnetostriction for a 
range of metallic glass ribbons that have been annealed 
in magnetic fields at various angles to the ribbon axis. 
The use of various annealing angles allows the basic 
model to be tested, and gives information that may be 
of use in device applications.
2. Experimental details
Two commercially available alloys were used: these 
were-Metglas 2605-SC (Fe8,S i35B,35C2) and Metglas
0304-8853/90/S03.50 © Elsevier Science Publishers B.V. 
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2605-S2 (F e78Si9BI3). In addition, samples of specially 
prepared ‘super-smooth’ Metglas 260S-SC were used. 
These alloys will be referred to as “ S C ’, “ S2’’ and 
“ SS”, respectively. They were chosen to allow compari­
sons to be made on the basis of both composition and 
surface finish.
Samples measuring approximately 60 x  5 mm2 were 
cut along the ribbon axis. They were annealed for 10 
min at temperatures o f 390 ° C (SC and SS) and 420 ° C 
(S2), in air, followed by a slow ( =  10 min) cool to 
150°C . The field of intensity 0.14 T was in the ribbon 
plane at angles between 0 ° and 90 ° to the ribbon axis. 
In order to reduce the demagnetising effect transverse 
to the ribbon axis, circular discs of Metglas 260S-SC 
were placed above and below the samples during the 
anneal. Bitter colloid patterns indicated that the pre­
ferred orientation, 6 , o f the domains was close to the 
annealing angle direction, 0 ,, in all cases observed. The 
annealing conditions used here are not strictly op­
timised for minimum moment angle spread, but are 
typical of those found to give good magnetoelastic 
properties [5].
M -H  loops were measured at quasi-dc by the method 
described in ref. [6]. A- H  curves were obtained using 
the fibre-optic dilatometer method [7]. By combining 
the M -H  and A- H  data one can then obtain the 
quadratic coefficient C2 in the relationship
A =  C2M 2 +  C4M 4. (1 )
3. Results and discussion
The values of the maximum magnetostriction, 
are shown in normalised form against the 
annealing angle, 0,, in fig. 1 for S2. Results for SC and 
SS differ from those for SC by less than the experimen­
tal uncertainty. The maximum applied field of = 4  
k A /m  was in all cases sufficient to saturate the magne­
tostriction.
Fig. 1 shows that the maximum magnetostriction at 
0,  =  0 is not zero, as should be the case for completely 
coherent moment rotation. This shows that there must 
be a distribution of moment directions in low applied
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fields. The existence of such a distribution is consistent 
with evidence from other sources [2,3]. Also shown in 
fig. 1 are curves of the theoretical variation for moment 
distributions of various widths. These curves are not 
fitted to the experimental resuits, but serve to show how 
the general features of the results are consistent with the 
model. They indicate that a standard deviation of about 
16° matches the low-angle data, reducing for larger 
angles.
Fig. 2 shows the quadratic coefficient, C2, against 0a 
for S2. Again, the results for SC and SS are the same as 
those for S2 within experimental error.
The maximum quadratic coefficient occurs when 6 = 
9 0°, and for coherent rotation is given by C2(9 0°) 
=  }XS/A /S2. For S2, allowing for a standard deviation of 
8° in the moment distribution, our data give Xs = 41 X  
10“ 6, and from the manufacturers’ data A/s =  1.25 X  106 
A /m ; these give a maximum value for C2 of 3.9 X  10“ 17 
(A /m )2. The maximum experimental value of C2, also 
adjusted for the same spread in moment angle, is 6.0 X  
10—17 (A /m )-2 . The discrepancy between these values 
is quite acceptable, considering the experimental uncer­
tainties and the simplifying assumptions of the model. 
The only published data that allow an independent 
check on C2 are those of Bucholtz et al., obtained by a 




F i g .  1 . M a x i m u m  e n g i n e e r i n g  m a g n e t o s t r i c t i o n ,  A n u x ( t f )  o f  
M e t g l a s  2 6 0 5 - S 2  a s  a  f u n c t i o n  o f  a n n e a l i n g  a n g l e ,  0t . T h e  
v e r t i c a l  s c a l e  i s  n o r m a l i s e d  t o  t h e  v a l u e  a t  9 0 °  ( X m > x ( 9 0 ° )  *  6 0  
p p m ) .  T h e  d o t t e d  l i n e s  a r e  t h e o r e t i c a l  c u r v e s  b a s e d  o n  t h e  
m o d e l  i n  r e f .  [ 3 ] ;  i n  a s c e n d i n g  o r d e r  t h e y  c o r r e s p o n d  t o  G a u s ­
s i a n  d i s t r i b u t i o n s  w i t h  s t a n d a r d  d e v i a t i o n s  o f  0 ° ,  1 6 °  a n d  
2 4 ° .
6i/°
F i g .  2 .  Q u a d r a t i c  c o e f f i c i e n t ,  C 2 , a s  a  f u n c t i o n  o f  a n n e a l i n g  
a n g l e ,  0 , ,  f o r  M e t g l a s  2 6 0 5 - S 2  ( s e e  e q .  ( 1 ) ) .  T h e  s o l i d  l i n e  i s  
i n t e r p o l a t e d .
corrected for demagnetising effects, their highest value 
is about 3.9 x  10" ,7 (A /m )-2 .
In conclusion, the present results are consistent with 
a mathematical model that assumes a distribution of 
initial moment angles in field-annealed metallic glass, 
with standard deviations of the order of 10°.
The authors wish to thank Miklos Tatar for his 
technical support, Howard Liebermann of Allied Cor­
poration for supplying the super-smooth Metglas alloy, 
and the Science and Engineering Research Council for 
financial support.
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DEPENDENCE OF M AG N ETO STR ICTIO N  ON INDUCED ANISOTROPY IN M ETALLIC GLASSES 
A.P.THOMAS, M.R.J.GIBBS and P.T.SQUIRE 
School o f Physics, University o f  Bath, Bath, BA2 7AY, U.K.
A b s tra c t-T h e  dependence o f engineering m agnetostriction on 
induced anisotropy is investigated for an Fe^ N i^S^  m etallic  
glass. It is dem onstrated that the degree o f mom ent collinearity  
can be alm ost perfect after a suitable therm al treatm ent. A high 
m agnitude for the induced anisotropy is not essential for good 
collinearity; rather it is essential that the anisotropy be 
sufficiently developed to produce a uniaxial character.
INTRODUCTION
Some Fe-Ni- and Fe-based metallic glasses have been shown to 
exhibit high magnetostrictive response in low fields. Combined with 
other mechanical and corrosion properties, these alloys appear 
highly suited to transducer applications.
An important parameter for magnetostrictive transducers is the 
variation o f magnetostrictive strain , A,, with field, H; either its 
maximum value (dA/dH)*,, realised by biasing with a d.c. field, or 
around H=0 where A, = CH2 with C a constant. It has been shown 
that magnetisation in transversely field annealed metallic glasses 
occurs primarily by moment rotation [ 1 ]. Magnetostrictive strain is 
determined by the degree o f moment rotation (2), and A, has its 
theoretical maximum value (=3/2A,, where A, is the saturation 
magnetostriction) after a transverse field anneal, provided the 
moments are collinear and route cooperatively under the influence 
o f the applied field. dA/dH is sensitive to the torque holding the 
moments in the easy direction. The anisotropy constant | KJ is a 
measure o f the torque on the moments, and one might expect a 
correlation between | KJ and (dA/dH)*.,. Thus, the theoretical 
maximum magnetostrictive response is obtained by coherent 
roution o f all moments in a sample through 90°, with the moments 
held in the easy direction by a low anisotropy torque.
A source o f  reduction in magnetostrictive strain in field annealed 
material is non-collinearity o f the moments. The concept o f moment 
fanning has been put forward by a number o f authors |3 ,4,5,6,7]. 
Bucholtz ei a l  (3] had to take a minumum standard deviation o f  10° 
in easy axis direction in order to fit their magnetostriction data on 
transverse field annealed Fe-based METGLAS 2605S2. Cowley ei 
a l  (4) and Cowley [6 ], using neutron scattering on a range o f 
as-received metallic glasses, found distributions in the moment 
direction varying from almost zero to approximately ±50°. This 
direct measurement implies that the degree o f  fanning may be 
controllable by heat treatment, in line with the results o f Bucholtz ei 
a l  [3J. The a s-re ce iv ed  sute o f samples o f  metallic glasses reflects a 
complex thermal history both during and after production. The 
degree o f stress relief in particular, between different production 
runs, can be significantly different. The consequence o f this is that 
in the as-received state there may or may not be a well defined 
uniaxial anisotropy, and hence the moments may not be collinear 
throughout the sample.
In summary, field annealing can improve moment collinearity, but 
it is not firmly established how small the fanning can be in a well 
annealed sample, ll might be expected that the larger | KJ the lower 
the fanning angle, but that the torque increase will degrade the 
magnetostrictive response. In practice the optimum treatment will 
be a compromise between these two competing effects. In this paper 
we examine directly the relationship between A. and | KJ , to discuss 
these points in more detail.
METHOD
Samples 58x5x0.03mm were cut from ribbon o f Fe40Ni«B 20 
(VAC0040). This alloy was chosen because o f  its high A. o f 20ppm  
coupled with its large annealing temperature dependence o f | KJ | 8 |. 
The samples were first stress-relieved in the absence o f a magnetic 
field at 360°C for 30min in air, and cooled to room temperature in a 
few seconds. The amorphicity and degree o f stress relief were 
confirmed by measurement o f the coercivity The samples were then 
transversely field annealed in a field o f 2 x 1 0 sA/m at temperatures o f 
200, 250, 300 and 350°C, for various times, with a cooling rate of 
approximately 60K/min. The magnetostrictive strain was measured 
using a fibre-optic dilatometer (91, and anisotropy determined from 
susceptibility measurements at M=0, assuming pure moment 
rotation and using the result K„ = PoMJ/2x. The susceptibility data 
was corrected for demagnetising effects using the results o f Osborn 
NO]
The fan angle o f the moments was determined by investigating the 
variation of A* with angle o f the field during the field anneal (7). 
Bucholtz ei a l  |3 | have discussed this regime, and quote the 
expression
A. = ^ A jcos2 0, -  cos2 0.) (1)
where 9, is the mean angle between moment direction and applied 
field with the field applied, and 0 , is the mean angle between the 
applied field direction and the initial direction o f the moments. In 
this study 0 , is assumed to be the annealing angle 0  (justifiable as 
domain observations show domains running within a few degrees o f  
the annealing field direction), and 0 , is taken as zero since all 
samples were nominally saturated in the maximum applied field.
Two sets o f previously stress-relieved samples were field 
annealed, one at 370°C for 30min, and the other at 250°C for 2()min, 
with their long axis at oblique angles, 0 , to the field annealing 
direction The 37()°C anneal saturates K„ for that temperature, 
whereas the 250DC only achieves a fraction o f the final possible 
value (sec Fig. I below). Domain studies were performed to examine 
the structures induced. The standard deviation, 8 , o f the moment 
direction distribution is determined by fitting the A, -  0  plot to a 
theoretical relationship o f the form 
3 A,
M 0) = J  ^  sin (0 + p)exp(-pJ/25J)dP (2)
where P is the deviation in moment direction from the mean. The 
choice of a normal distribution is arbitrary, but the results are not 
sensitive to the exact shape o f the distribution. Similar results on 
METGLAS 2A05S2 have already been reported |7 |.
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Fig. 1. Induced anisotropy versus annealing lim e. 
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F ig.2 . M axim um  engineering m agnetostriction 1 ^  versus annealing tim e.
x -2 5 0 °C .o -3 0 0 °C ,o  -350°C , * -375°C.
Figs. 1 and 2 show the variation o f K. and ^  with annealing time 
and temperature. There are two points to note. The maximum value 
o f A, is independent o f the annealing temperature and hence o f | K J . 
and was achieved before K* saturated at any given temperature. The 
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F ig .3. M axim um  en g in eerin g  m agnetostriction  Aw  versus a n g le  o f  sam p le long  
a x is  to the annealing field , x -sam p le annealed at 370“C. -sam p le annealed at 
2 5 0 °G  Solid  lin es sh ow  ca lcu la ted  behaviour for 0 °  and 20° standard deviation  in 
m om ent direction about the fie ld  annealing angle.
Fig.3 shows the variation o f A ^ t with anneal angle 6 . together 
with theoretical plots assuming standard deviations o f  0  and 20°. The 
data at 370*C fit a relationship indicating very small (5 < 2°) 
moment fanning, confirming that the strain is developed by coherent 
rotation o f collinear moments. The data from the 2S & C  anneal 
indicate a far greater degree o f fanning. It should be noted that each 
datum point in Figs.l to 3 represent separate samples. This 
emphasises the reproducibility o f the results.
Domain studies using a Bitter colloid technique show a well 
defined domain structure for the sample annealed at 37(PC, with the 
angle o f the domains very close to the field annealing angle. The 
domains in the 250°C annealed sample are less distinct; there are 
patches o f sample surface with no visible domains, and marked 
variations in the wall directions from the angle o f field annealing. 
W e have already pointed out that the magnetostrictive strain reaches 
its maximum value before the anisotropy saturates. We are still 
investigating the annealing time necessary in order to maximise the 
strain. It will clearly be closely correlatrd with the domain structure, 
and will be related to the macroscopic uniaxial nature o f the induced 
anisotropy.
For the 370“C samples the M-H loop was linear from M=0 to close  
to M=M,, indicating a magnetisation process dominated by moment 
rotation. The linear region o f the curve was for a smaller range o f M 
after the 250"C anneal.
Preliminary results on (dA/dH)MI as a function o f | KJ show that 
for an anneal at 350°C (dAydH)m,1=7xlO */(A/m), and for an anneal 
at 300°C (dA/dH)„„=5x 10 */( A/m). This demonstrates that the 
anisotropy torque affects the magnetostrictive response. Further data 




The data o f Fig.l confirm that K* reaches an equilibrium value for 
a given annealing temperature. The data o f Figs.2 and 3 show that 
there exists a regime where all the moments are collinear after heat 
treatment. We can conclude that the degree o f moment collineanty  
is not a direct function o f the equilibrium magnitude o f induced 
anisotropy after annealing at a given temperature.
O ’Handley [12] has pointed out that the correlation length for the 
moments is exchange dominated in 3-d based alloys and is o f the 
order o f 1mm. Our results would be consistent with a long 
correlation length. The neutron scattering data, and the data at 250°C 
in Fig.3 show that in a sample with a poorly defined uniaxial 
anisotropy, there is considerable moment fanning.
If we assume a normal distribution of moment directions according 
to equation (2 ), the effect on magnetostrictive strain is illustrated in 
Fig.4. The maximum engineering magnetostricbon is suppressed in 
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Fig.4 . A theoretical p lot o f  the reduced X, afier a transverse fie ld  anneal, as a 
function o f  the standard dev ia tion  o f  the m om ent d irccuon distribution
The general features o f this curve are consistent with data for 
6  = 90° in Fig.3.
CONCLUSION
Our conclusions are as follows. It is possible for this alloy to find a 
field annealing regime where the degree o f moment fanning is 
negligible, and hence to develop magnetostrictive strains close to the 
theoretical maximum. The maximum magnetostrictive strain which 
can be developed is independent o f the magnitude o f  the induced 
anisotropy. It should be noted that the temperature at which the 
anisotropy is developed may determine the ultimate 
magnetostrictive response by affecting the anisotropy torque on the 
moments. We are extending the programme to Fe-only alloys to 
invesbgaie the generality o f these findings.
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AE EFFECT IN OBLIQ UELY FIELD ANNEALED M ETG LAS*2605SC
P.T. Squire and M.R.J. Gibbs 
School o f  Physics, University of Bath, Bath BA2 7A Y , U.K.
Abstract Measurements have been made o f the AE effect for ribbon 
specimens o f  METGLAS®2605SC annealed in fields at angles 
between 60' and 90’ to the long axis. An extension o f the Livingston 
model o f simple moment rotation has been developed, and is used to 
obtain theoretical curves that reproduce the main features o f  the results. 
It has been found necessary to include a distribution o f initial moment 
angles, as proposed by Melamud, and also a distribution o f anisotropy 
fields.
INTRODUCTION
The use o f metallic glass in magnetic devices normally requires 
the properties to be optimised for a particular application by appro­
priate annealing. In the case o f magnetostrictive devices the com ­
monest treatment is to anneal the specimen in a transverse magnetic 
field, in order to produce an initial state in which the moments are 
predominantly transverse to the ribbon axis [1]. The application o f a 
field parallel to the ribbon axis then results in the greatest moment 
rotation, which in turn produces maximum magnetostriction. 
Livingston (2] has shown that this magnetic state also produces the 
maximum change in Young's modulus E; the so-called AE effect is 
the basis o f a number of proposed devices 13,4).
Domain studies o f transversely field annealed samples o f metallic 
glass show a well defined transverse domain structure. Recent 
Mbssbauer measurements by Melamud e ta l  (5] have been interpreted 
as showing that the moments within domains are distributed about the 
mean angle by as much as ±50*. Kobelev e t a l  [6 ] have considered the 
effect o f such a distribution on AE for certain special cases (H=0, and 
H—► «>). In particular they have shown that AE is not zero in the 
unmagnetised state, in contrast to the Livingston model.
In this paper we describe an extension o f the Livingston model of 
the AE effect that allows for distributions o f both initial moment angle 
and anisotropy field magnitude. The anisotropy field is given by 
H,=2K/HoM,, where K is the uniaxial anisotropy energy density, and 
M, is the saturation magnetisation. A detailed understanding o f ani­
sotropy in Fe-based amorphous alloys is still some way off, but recent 
work o f  Elsksser et a l  [7] gives strong grounds for believing that a 
substantial local variation in IKI exists. The extent to which field 
annealing can overcome this variation is not clear, but it is highly 
unlikely that the variation can be entirely removed within the confines 
o f the topological and chemical disorder of the amorphous state. The 
model is primarily intended for applied fields less than the anisotropy 
field , which are o f the greatest interest in devices. A fuller account 
o f the mathematical details will be published elsewhere.
In certain device applications it may be desirable for the domain 
directions to lie at angles between 0* and 90" to the ribbon axis. For 
this reason, and also to provide a fuller test for the model than data 
for transversely field annealed samples alone would provide, 
measurements o f E as a function o f applied field are reported for ribbon 
samples annealed in magnetic fields at various angles to the ribbon 
axis. The model is then used to obtain semi-quantitative fits to the 
data.
MATHEMATICAL MODEL
Fig. 1 shows the coordinate system used to describe the problem. 
The applied field H acts along the ribbon axis. The easy axis makes 
an angle 6  with the ribbon axis, and in the demagnetised state the 
domain structure consists o f regions o f equal size in which the 
moments are aligned along the easy axis in alternating directions. The 
effect o f  the applied field is to tilt the moments away from the easy 
axis by angles q>, and q>2 towards H.
H
Fig. 1 Geometry o f  model.
The free energy density is given as usual by the sum o f the uniaxial 
anisotropy energy, the magnetostatic energy, and the strain energy. 
For the system shown in Fig. 1 this is
U = K |asin2 4>, + ( 1  -a ) s in 2$J +p0M ,H|(l-a)cos( 6  + 4I) - a c o s ( 6 - t l)l +  
\  X,olosin l ( 0  - ♦ ,)  + ( ! -  a)sin J( 0  +
In this expression X, is the saturation magnetostriction, and o  is the 
stress, a  is the fraction o f the volume occupied by moments at angle 
The equilibrium state is found by setting , dU /d tJ), =  dU /d ty7 =  0. 
The two resulting equations may be solved to find $i and <p2.
AE is calculated following Livingston (2] by writing l/E=de/da. The 
two orientations o f domain contribute different strains, which are 
summed to give




a  sin1 2 (0 -<(»,)
2 cos 20, + h c o s (0 -$ ,)  + 3 (X ,a /K )cos2 (0 -$ |) 
(1  -  a )  sin2 2 ( 0  + <)>2)
2 cos 2<J>2 -  hcos(0 + <J>2) + 3(X,a/K)cos2(0 +  $2)
E, is the saturation modulus, and the variable h is a normalised mag­
netic field defined by h=H/H,. For the special case o f  0=90* <t>, and 
are explicit functions o f h, so AE may be expressed explicitly as a 
function o f  H, as shown by Livingston. In the more general case treated 
here$, and <t>2 must be calculated numerically for each value o f  h, and 
then substituted into/(h ,0) to find AE.




E, 1 + (9^ E ,/4K )/(h ,0 )
The averaging procedure to incorporate the effects o f  variations in h 





Samples o f  METGLAS*2605SC o f dimension 57x2x0.025m m  
were cut from 4-inch wide commercial strip. They were then sand­
wiched between 60mm diameter discs o f  the same material with 
cylinders o f  aluminium 6 mm thick and 60mm diameter top and 
bottom. The whole assembly was inserted into a silica tube between 
the poles o f a magnet. Field annealing was achieved by blowing hot 
air through the tube while maintaining a field o f  approximately 0.14T  
in the plane o f the sample. The annealing angle could be varied by 
rotating the sample assembly. The annealing temperature was held for 
lOmin at 390'C  followed by slow cooling.
The Young’s modulus E was measured by a vibrating reed method 
adapted from that o f Berry and Pritchet [8 ]. The fundamental reson­
ance occurred at frequencies in the range 10-50Hz. It should be noted 
that the pole effect described by Berry and Pritchet [9] is unimportant 
at the low field values studied here. There is evidence that the measured 
modulus is strain-dependent [10]. The amplitude o f  vibration was, 
therefore, reduced to a level at which the frequency o f  vibration was 
amplitude independent.
The results are shown in fig. 2  in the form o f  the ratio E/E, as a 
function o f  applied field, with annealing angle as the parameter. It 
should be noted that the angle o f anneal is not necessarily the same as 
the easy axis direction 0. Preliminary domain studies indicate that at 
angles between 70‘ and 90' the two angles are very close, but further 
work will be necessary to establish the behaviour in more detail. There 
is some uncertainty (perhaps 20%) in the absolute value o f  E measured 
by the vibrating reed method, because it involves the fourth power o f  







Fig. 2 Ratio o f elastic modulus to saturation modulus versus applied 
field for various angles o f anneaL (x -9 0 \ 0 -8 0 ' ,  H -7 5 \ +-70’, Y -6 5 \  
*-60*)
DISCUSSION
Two features o f  the experimental results are o f particular sig­
nificance: the ratio E/E, at H=0, and the shape o f the curve around 
H=H,. According to the Livingston model [2], for 0=90*, E=E, at H=0, 
falls quadratically to a minimum at H=H,, and then returns suddenly 
to E, for H>H,. It is clear from fig. 2 that neither o f  these predictions 
agrees with the results. As has been pointed out by Kobelev e t a l  [6 ], 
a spread in initial moment angle about 180' causes the modulus E^to 
fall below E,. Such a spread also accounts for a gradual approach to 
saturation above H,. The mathematical model summarised above 
allows these effects to be studied in more detail.
In order to apply (1) to a system with a distribution o f initial 
moment angles, a matrix is calculated for the function/(h,0 ) over the 
range o f  applied fields to be studied, and a sufficient range o f 0  to 
cover the distribution for all initial average moment angles. In the 
results reported here h runs from 0  to 2  (0 £Hk2 H J in intervals o f 0 .0 2 , 
and 0 from 20' to 90' in 1' intervals. The detailed distribution o f  
moment angles is not known, but according to Melamud e t a l  [5] 
angular spreads o f  as much as ±50' are found in a similar alloy. We 
have assumed a Gaussian spread of moment angle about the mean, 
with an adjustable standard deviation a* and cut-off at ±30*. This 
function is then used to form a weighted mean of/(h ,0 ) to calculate E 
from ( 1 ).
When this process is applied to obliquely annealed samples it is 
found that discontinuities appear in E(H); these arise from the flipping 
o f moments from an angle greater than 90' to H to an angle less than 
90' as H is increased. No such discontinuities are observed exper­
imentally, so some smoothing process is required to remove them. We 
postulate a distribution o f anisotropy values, and hence o f anisotropy 
fields. Since h=H/H, this effectively spreads the values o f h to be used 
in (1) by an amount that increases in proportion to H. The value o f  
f lh f i )  to be used in ( 1 ) is thus a two-dimensional weighted average 
over the f  matrix. Since no experimental data appear to have been 
published on the distribution o f K, we have again assumed a cut-off 
Gaussian distribution with an adjustable standard deviation o K.
0 . 8
1 . 51.00 . 5
H / H a
Fig. 3. Modulus ratio calculated from (1) for various average initial 
angles. (x-90‘, *-80', H -70', +-60', Y-50', *-40').a=0.5, X ,=30xl0*  
o= 0, E ,= 2xl0" N  m J, K=38J m \  a fl = 8 ° ,a ,  = 1.8J m"3.
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Typical results of this process are shown in Fig. 3. These curves 
are not intended to be a direct fit to the experimental data of Fig. 2, 
but indicative of the ability of the model to reproduce the main 
qualitative features of thedata. The main simplifying assumption made 
in calculating these results is that the domain walls do not move 
(a=0.5). For angles 0 near 90* this is a reasonable assumption, since 
the total free energy is independent of wall position in this case, and 
magnetisation proceeds by means of moment rotation alone. For 
angles 6 less than 90* the assumption is less valid; indeed, for 6=0* 
magnetisation proceeds almost entirely by wall movement A more 
thorough approach would be to model the wall movement as a function 
of H and 6; the effect of this would be to make a  field dependent 
However, this requires further work, which will be reported later. A 
further assumption in the data of fig . 3 is that the stress 0=0. The 
justification for this is that the samples were clamped vertically atone 
end but otherwise free from external stress. Also, the internal stress is 
largely removed by the annealing process.
CONCLUSIONS
The magnetoelastic behaviour of obliquely annealed amorphous 
ribbons demonstrates features that cannot be explained by the original 
Livingston model. An extended model has been presented that allows 
the main qualitative features to be explained. The additional 
assumptions that have been made are (a) that a substantial spread of 
initial moment angles exists, as suggested by Melamud et al, and (b) 
that the anisotropy magnitude is significantly spread.
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Comparative measurements of the field dependence of Young’s modulus 
and shear modulus in Fe-based amorphous wire
S. Atalay and P. T. Squire
School o f  Physics, University o f  Bath, Bath, B A 2 7A Y, United Kingdom
In this paper we present measurements of the field dependence of Young’s modulus E (H )  
and shear modulus G(H)  for amorphous wires o f composition Fe-n.jBuSi-^. E(H )  
was measured by a vibrating reed method and G (H )  by means o f a torsional pendulum. For 
as-cast wire the maximum change in either modulus is about 2% , and the form of the 
field dependence is consistent with the rotation o f moments in the outer sheath from a radial 
to an axial direction, analogous to the moment rotation model for transversely field 
annwlftH ribbons. The small magnitude o f the modulus changes is a consequence o f the rather 
high anisotropy o f a few kJ/m 3 associated with the casting stress. The modulus changes 
in current annealed wires are much greater than in the as-cast state, with ratios Emi„/Em„  
approaching the largest values found in transversely field annealed ribbons. This is 
consistent with the reduction of the radial stress by annealing, but also indicates the retention 
of a substantial proportion of off-axis moments. The significance o f these results in the 
light o f present understanding o f domain structure in amorphous wires is discussed.
I. INTRODUCTION
The field-dependent Young’s modulus (AE  effect) has 
been extensively studied in amorphous ribbons, because the 
combination of large magnetostriction and low anisotropy 
produces very large effects. 1 Less is known about the mod­
ulus changes in amorphous wires. It is the main purpose of 
this paper to present data on the field dependence o f both 
Young’s modulus E  and shear modulus G o f current an­
nealed Fe-based amorphous wires, and to relate them to 
the existing domain model o f amorphous wires.
The magnetic properties of as-cast Fe-based amor­
phous wires are dominated by the combined effects o f the 
radial casting stress and the large positive 
magnetostriction.2 The large Barkhausen effect (LBE) ob­
served in these wires is interpreted in terms o f a domain 
model with an axially magnetized core and a radially mag­
netized sheath. Magnetostriction and associated magneto­
elastic effects arise from moment rotation, so it follows that 
in amorphous wires these effects originate from the rota­
tion o f the radial moments in the sheath under the influ­
ence of an applied axial magnetic field.
In field-annealed amorphous ribbons the domain struc­
ture is rather simple, and the modeling o f the AE  effect is 
straigtforward. 1,3 The Young’s modulus can be expressed 
in the form
1
E /E s = { \  -I- AisEIF (6 ,H ,a ) /K }  ' (1)
where Es is the saturation modulus, A, is the saturation 
magnetostriction, and K  is the anisotropy constant. F  is a 
numerical factor whose maximum value is of order unity, 
and is a function of the easy-axis orientation 6, applied field 
H, and stress a. The magnitude o f the AE effect is thus seen 
to be determined mainly by the dimensionless ratio
0 = X 2sE / K .  (2)
The detailed modeling of the AE and AG  effects in wires 
has not yet been published, but since the basic mechanisms 
are similar it may be expected that the general features of 
the behavior will follow a similar expression to ( 1 ); in 
particular, it is expected that the magnitude of the effects 
will be proportional to /?, with the value of the proportion­
ality constant depending on the domain structure. If this 
argument is correct it follows for as-cast wires, where2 K  is 
o f the order 2 0 0 0 -4 0 0 0  J m “ 3 and A, ~  3 X 10- 5 , that
0.05-0.1; the modulus changes should therefore be only 
a few percent. The effects o f annealing will be of three 
kinds: relief o f casting stresses, and hence o f the associated 
transverse anisotropy, change of the relative volume of 
core and sheath, and change o f the average moment angle 
in the sheath. These changes will influence the magnetic 
and magnetoelastic behavior in a rather complicated way. 
Nevertheless, it should be possible to relate the dominant 
changes in modulus to these factors.
II. EXPERIMENTAL DETAILS
Amorphous wire of Fe77 sB,jSi7 S, approximately 125 
fim in diameter, were supplied by the Unitika Corporation. 
Samples 40 cm long were annealed by direct-current (dc) 
heating at a current between 730 and 745 mA for various 
times. The annealing temperature during current annealing 
was derived from resistivity data, and is estimated to be 
within the range 490 *C ±  10 *C. The central 22 cm sections 
of the current annealed wires were cut for use.
The Young’s modulus was measured by the vibrating 
reed method,4 modified for wires by an optical vibration 
detector in place of the original electrostatic method. The 
third mode was excited, and the samples used for these 
measurements were 7 cm long, with a free length of 2.5 cm.
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FIG. 1. Normalized Young’s modulus against applied field. The numbers 
are the annealing times in minutes. The lines are interpolations between 
the data points, and the random errors are less than the size of the points. 
The inset shows the data for as-cast wire on different scales.
The resonant frequencies were in the range 1-2 kHz. The 
shear modulus was measured by means of an inverted to r­
sional pendulum specially designed to allow the axial stress 
to be reduced to < 1 MPa.5 This is important, because it is 
known that axial stresses as low as this can affect the mag­
netic behavior of annealed wires.6 The shear modulus is 
somewhat strain dependent; the torsional strain for the 
results reported here was ~  3 X 10 “ 5. The axial stress for 
these measurements was =:0.5 MPa.
III. RESULTS
The Young’s modulus is plotted against applied field in 
Fig. 1 for as-cast wire, and wires annealed for 1, 5, 10, and 
IS min. There is considerable uncertainty in the absolute 
value of E  deduced from these measurements, so they are 
shown normalised to the saturation value (H  =  5.6 kA /m ) 
The data for the as-cast wire is shown on different scales in 
the inset, to show that there is a small but real AE  effect.
G (GPa)
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FIG. 3. M -H  loops of the 7 cm wires used for the A £ measurements in 
Fig. 1. The numbers are the annealing times in minutes.
The shear modulus is plotted against applied field in 
Fig. 2 for the same annealing treatments as in Fig. 1.
The dc M -H  loops of the 7 cm wires used for the AE 
measurements are shown in Fig. 3, and those for the 22 cm 
wires used for the AG measurements in Fig. 4.
IV. DISCUSSION
The qualitative features of the AE  and A G data in Figs. 
1 and 2 are broadly as expected. For the as-cast wire the 
change in E  is about 2%, consistent with the order-of- 
magnitude estimate made above. The equality of E0 and 
Es indicates an easy axis transverse to the wire axis,3 as 
predicted by the core-sheath domain model. For 90° mo­
ment rotation the minimum modulus should occur at the 
anisotropy field H a =  2K/^jlqM s. K  estimated from this re­
lationship is found to be ~  103 J m " 3, a factor of about 3 
less than the values quoted in Ref. 2. However, the present 
model is not precise.
1.0 -
E 0 5 ' 
<
o  0 .0  -
3  -0 .5  -
-1.0 -
-1 .5
60 120-1 2 0 -8 0 -4 0 0 40
H (kA/m) H (A/m)
FIG. 2. Shear modulus against applied field. The lines are drawn for 
guidance only. Measuring errors are less than the size of the points.
FIG. 4. M -H  loops of the 22 cm wires used for the AG measurements in 
Fig. 2. The numbers are the annealing times in minutes.
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As the annulling time is increased the modulus 
changes at first increase (1 and S min data) and then de­
crease again. This corresponds to the relief of casting 
stress, followed by the onset of crystallization ( Tx 
~  530 *C). Note also the relationship between the mini­
mum modulus and the field at which it occurs: low K  
means low Ha and high /?, which in turn means a large 
modulus change.
Some of the details of the modulus data require further 
comment. The modulus variations of these current an­
nealed wires are not so smooth as those obtained from 
furnace annealed wires.7 This might be for two reasons: 
first it is difficult to achieve a uniform temperature along 
the wire in current annealing, and second the annealing 
current sets up an appreciable helical field ( ~  1000 A /m ) 
which can induce a degree o f helical anisotropy. The non­
uniformity is more obvious in the shorter samples used for 
the AE  measurements; the vibrating reed method is quite 
sensitive to mechanical inhomogeneities in the sample. 
Note particularly the behavior near H  — 0 for the 1 min 
anneal in Fig. 1, comparing it with the corresponding 
curve in Fig. 2. The 1 min data are also distinctive in 
displaying no appreciable drop in modulus as H  is in­
creased from zero. This behavior is characteristic of easy 
axis directions at or below 45* to the wire axis, 3 which 
might well result from the helical annealing field. Furnace 
annealed wires do not behave like this.7 The data for longer 
annealing times do show a drop in modulus, indicating an 
easy axis direction between 45* and 60* to the wire axis. 
The precise interplay between the stress relief and helical 
field effects is clearly rather complex.
With these reservations about the details of the domain 
structure it is nevertheless useful to estimate the reduction 
in K  associated with the annealing. The minimum modulus 
ratio for the 5 min anneal is 0.2. From Eqs. (1 ), (2) we 
deduce fiF =  4. For the as-cast wire (Fig. 1 inset) the 
minimum modulus ratio is 0.98, from which we deduce 
/3F =  0.02. Assuming the same value of F  applies to both 
cases we estimate a reduction in K  o f 200, indicating a 
minimum K  of 10-20 J m “ 3. This is comparable with val­
ues obtained in stress-relieved ribbons. Similar values are 
deduced from the AG data in Fig. 2.
The M - H  loops are useful in clarifying further the 
annealing processes. First it should be noted that the dif­
ferent lengths of the wires used for the two sets of mea­
surements give different demagnetizing factors: 1.9 
X 10“ 5 for the shorter wires and 2.3 X 10“ 6 for the 
longer ones. This presumably accounts for the existence of
the large Barkhausen effects in the first three 22 cm sam­
ples, whereas there are none in the 7 cm ones. Although 
the large Barkhausen effect is o f great interest in pulse 
device applications, it plays no significant part in the mag­
netoelastic behavior, since it involves no net moment rota­
tion. This is supported by the absence of any discontinui­
ties near H  =  0 in Fig. 1. The small blip in curve 1 o f Fig.
2 cannot be explained by a Barkhausen jump because there 
is none in that sample.
A further possible use of the M - H  loops is to deduce 
an anisotropy energy. In the case of ribbons with well char­
acterized domain structures this is straightforward;3 in par­
ticular, for transverse field annealed ribbons the low-field 
susceptibility =  iiqM 2s/2K .  In the case of wires, in contrast, 
the uncertain domain structure precludes such a simple 
relationship. The progressive decrease in susceptibility ob­
served with annealing time in Figs. 3 and 4 is not to be 
taken as evidence o f a progressive increase in K. The mod­
ulus data show conclusively that K  at first decreases with 
annealing time. The change in loop shape in Figs. 3 and 4 
is more likely to reflect the change in easy axis direction.
V. CONCLUSIONS
The main features o f AE  and AG effects in current 
annealed amorphous ribbons can be satisfactorily ex­
plained in terms o f the moment rotation model and the 
core-sheath domain model. Minimum modulus ratios of 
about 0 .2  are found in both moduli, from which minimum 
radial stress o f 10-20 J m ~ 3 is deduced. The domain struc­
ture of current annealed wires contains a pronounced he­
lical element.
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Magnetoelastic properties of stress-annealed Fe-based metallic glasses
J. Freestone, M. R. J. Gibbs, and P. T. Squire
S ch o o l o f  Physics, U niversity o f  B ath , B a th  B A 2  7A  Y, U n ited  K in gdom
We present data on METGLAS 2605S2 annealed with a combination of dc current and load.
The material develops an easy direction at > 45* to the sample axis, and shows significant 
magnetostrictive and magnetoelastic response. These results are in contrast to data on material 
annealed with current or load alone.
I. INTRODUCTION
The conventional method employed in the optimiza­
tion of magnetoelastic properties of Fe-based metallic 
glasses is transverse field annealing to produce a uniaxial 
anisotropy. A recent review1 has highlighted the problems 
that this procedure can generate.
There have been reports2,3 that Fe-based metallic 
glasses annealed under tension develop a uniaxial anisot­
ropy along the direction of the applied tensile stress. The 
anisotropy constant K„ can be as great as 1000 J /m 3. It has 
been reported4 that annealing using a dc current can in­
duce a transverse anisotropy due to the field associated 
with the current. Some combination of load and current 
may then achieve an easy direction between 0° and 90" to 
the ribbon axis.
In this paper we report the first measurements on the 
magnetoelastic performance of an Fe-based metallic glass 
annealed under a combination of applied load and dc elec­
tric current. The magnetization (M -H ) loops were mea­
sured to give information on the magnitude of induced 
anisotropy. Data are presented on the field dependence of
where
A ,=  3/2A,sin 2 0 , (1)
with As the saturation magnetostriction constant, and 6 the 
angle between the initial moment directions and the ap­
plied field. Data are also presented on the field dependence 
of the Young’s modulus (the AE  effect). Here5
E /E s=  (1 +  9A1SEIF/&K) (2)
Es is the modulus at magnetic saturation, K  the uniaxial 
anisotropy constant, and F  a dimensionless parameter of 
order unity which varies with applied field and 6. In both 
Eqs. (1) and (2) magnetization by coherent rotation of 
collinear moments is assumed.
II. EXPERIMENTAL DETAILS
METGLAS 2605S2 (Fe7gSi9B13) was chosen for the 
study. Samples of width 2 mm and initial length ISO mm 
were cut from 25-mm-wide strip. Great care was taken to 
ensure that the edges were clean and parallel. All samples 
were preannealed in air at 440 *C for 10 min to give stress 
relief. This was confirmed by M-H  measurement. Two sets 
of measurements were taken; in the first the annealing cur­
rent density was held constant at 26 M A /m 2 (isothermal 
annealing); the corresponding temperature was estimated 
from the resistance to be 270 *C; in the second it was varied 
at fixed annealing time (isochronal behavior). Note that
the Curie temperature of this alloy is 415 *C, and the an­
nealing current will produce a transverse magnetic field at 
the sample surface giving rise to field induced anisotropy. 
The applied load during annealing was 13N, corresponding 
to an applied stress of approximately 280 MPa.
The sample length for measurements was 50 mm, 
taken from the center of the original 150 mm samples. This 
is in order to remove the effects of the clamps on the tem­
perature profile during annealing. The M-H  and A-H  plots 
were obtained with digital systems,6,7 and the AE  measure­
ments by a vibrating reed technique. Domain patterns were 
observed using a standard Bitter colloid technique.
III. RESULTS AND DISCUSSION
A. Isothermal behavior
Figure 1 shows the M -H  loops for samples annealed at 
a current density of 26 M A /m 2 for 10, 40, and 320 min. 
The magnitude of the anisotropy increases with annealing 
time. The easy direction is off axis. This is in marked con­
trast to data on samples annealed in a furnace under load2,3 
where the easy axis is along the sample length. Figure 2 
shows the corresponding A-H  plots, including one for a 
sample annealed for 5 min. Figure 3 shows the ratio of the 
modulus in a given field to that at saturation for annealing 
times of 10, 40, and 320 min. Two features of these results 
are especially significant. First, the combination of current 
heating (the equivalent of a transverse field anneal) and 
applied load results in an oblique easy axis, at greater than 
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peak strains shown in Fig. 2 combined with a calculation 
based on Eq. (1) taking k s =  40 ppm. For S min the angle 
is approximately 70*, for 10 min 50* and for 40 min 55*. 
The data for 320 min are not taken to saturation, and 
hence a value of angle cannot be deduced. The results for 5, 
10, and 40 min indicate some competition between the held 
and stress annealing mechanisms. The details of this have 
still to be worked out. The corresponding domain photo­
graphs show major domain walls at high angles to the long 
axis of the sample for the samples annealed for 40 and 320 
min. There are other more complex features, and the pat­
tern is not as well dehned as it would be from a standard 
held anneal. The shape of the curves in Fig. 3 close to 
H  =  0 also imply an easy direction between 45* and 90* to 
the sample axis.5 Second, the gradient of the k-H  plots near 
H  — 0 decreases with increased annealing time, consistent 
with an increase in anisotropy constant. This is further
supported by considering the data of Fig. 3 in the light of 
Eq. (2). As K  increases (time elapses), the modulus ap­
proaches the saturation value. The domain photographs 
indicate that the width of the major domains initially in­
creases then decreases with increasing annealing time. This 
is again consistent with an overall increase in anisotropy 
magnitude.
B. isochronal behavior
Figure 4 shows the M -H  loops for three samples an­
nealed for 60 min under load, together with a sample an­
nealed with current alone. Figure 5 shows the k-H  plots 
and Fig. 6 the AE  results. The same complex pattern can 
be seen here. The sample annealed without load shows the 
typical behavior for a sample with 45* easy direction. This 
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terns, and Kerr photographs8 on the same sample, show a 
clear oblique domain structure across the majority of the 
ribbon width. We have no simple explanation for this, but 
point out the internal consistency of our data. The peak 
strain is 3/4As ( =  30 ppm ) and the plot of E /E s comes to 
a single minimum3 at H  =  0. As annealing current density 
(and temperature) increase, the anisotropy energy in­
creases; the gradient of both the M -H  and A-H  loops de­
creases, and E  approaches Er From the A E  measurements 
it is again clear that the easy axis is >45* for all cases. 
Domain photographs indicate an easy axis at a high angle 
to the ribbon axis, supporting these results. It must be 
noted in these results that the effect of the current in in­
troducing an easy direction will be a function of the current 
magnitude, due both to the changes in field magnitude and 
the induced temperature rise.
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Annealing time or temperature can be used to control 
the response. The major new result is that the combination 
of current and load produces an easy axis at >45* to the 
sample axis. According to the literature2,3 and our own 
results presented in Fig. 3, neither load or current alone 
can give an easy axis in such directions. The complex in­
terplay between the easy direction, the anisotropy mecha­
nism and the method of treatment still need careful study.
Field annealed METGLAS 2605S2 shows a peak 
strain of 60 ppm for a transverse field anneal.9 The coer­
civity is 1 A /m  compared to 2 A /m  for these materials. 
The highest differential strain, dA/dH , measured here (10- 
min data in Fig. 2), is 0.3 p p m /(A /m ) in current-load 
annealed material compared to 1 p p m /(A /m ) for field 
annealed material.
IV. CONCLUSIONS
We have demonstrated that the combination of current 
and load annealing Fe-based metallic glasses can induce an 
easy axis at greater than 45* to the sample axis. This is in 
contrast to material annealed either with current or load 
where the easy axis is either at approximately 45* or 0*, 
respectively. This anisotropy, in turn, leads to useful mag­
netostrictive and magnetoelastic responses which are com­
parable with those of field annealed material.
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Field-dependent shear modulus and internal friction in annealed 
iron-based amorphous wires
S. Atalay and P.T. Squire
School o f  Physics. U niversity  o f  Bath, B ath  B A 2 7A  Y, U K
Measurements of the shear modulus and internal friction (damping) are reported for amorphous F e -S i-B  wires in the 
as-cast and annealed states, as functions o f applied magnetic field and axial stress. T he maximum change in shear modulus 
exceeds a factor o f three. The dam ping reaches maxim um  values o f 0.033 at low field.
1. Introduction
Amorphous wires have been extensively studied for 
their interesting magnetic and magnetoelastic properties
(1). By analogy with amorphous ribbons amorphous 
wires might be expected to display large A £  and associ­
ated effects. However, in the as-cast state of the F e-S i-B  
wires the internal stresses combine with the large posi­
tive magnetostriction (As *  30 ppm) to produce a radial 
easy axis with an anisotropy constant K  of the order of 
2000-4000 J m -3 (2J. A model of the A £  effect in 
amorphous ribbons [3] shows that
0 )
where K is the anisotropy energy density and /  is a 
function of the easy-axis orientation, applied field and 
axial stress, whose value is of order unity. Although the 
detailed dependence of the shear modulus G on applied 
field and stress is different from that of Young’s mod­
ulus, the general features are expected to be similar. In 
particular, the magnitude of the AG effect is given by an 
expression of the form
G /G s = ( \  + g \ \E s/ K ) (2)
where g  is a function similar to /  in eq. (1). In order to 
obtain large changes of elastic modulus it is therefore 
necessary to reduce the effective anisotropy. It is also 
necessary to retain a significant proportion of off-axis 
moments in zero applied field, in order to produce the 
moment rotation necessary for magnetostrictive strain 
to occur [3]. Thermal annealing below the crystallisation 
temperature is expected to reduce the radial casting 
stress, and hence K , while retaining the easy-axis direc­
tion in a transverse plane.
2. Experimental details
Amorphous wires with the composition Fe775Si75B15 
were obtained from the Unitika Corporation. The nomi­
nal wire diameter was 125 pm. Annealing was carried 
out in zero applied field in air. The shear modulus and
internal friction were measured by means of an inverted 
torsional pendulum system that enables the axial stress 
to be reduced to below 0.5 MPa; details are given 
elsewhere [4],
3. Results and discussion
The results are shown in figs. 1-4. Figure 1 shows 
the shear modulus as a function of applied field at 
almost zero axial stress for as-cast and a range of 
annealed wires. The main feature of these results is the 
increase in the AG effect as the annealing time and 
temperature are increased. This is consistent with the 
reduction of radial casting stress. An estimate of the 
residual stress can be made from the ratio G ^ n/G %, 
using eq. (2). For as-cast material the ratio is 0.978, 
while for the optimally annealed case it is 0.31. A 
typical value of K  for as-cast material is 3000 J m -3,
1 0 0  i
80 -
H (kA/m )
Fig. 1. Shear modulus against applied field (axial stress *  0.5 
MPa). The lines are interpolated between experimental data 
points.
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Fig. 2. Shear modulus against axial stress ( H  =  0). For key see 
fig. 1 .
and if it is assumed that the value of the factor g does 
not change, a minimum value of K  = 30 J m -3 is ob­
tained. This is similar to values of the anisotropy in 
annealed amorphous ribbons.
The other main feature of fig. 1 is the depression of 
the modulus at zero field. For an initial moment distri­
bution entirely transverse or parallel to the field axis the 
modulus in zero field should equal the saturation value 
[3J; values less than this indicate moments at inter­
mediate angles. This suggests that the simple core-sheath 
domain model (2] is not an adequate description of 
annealed wires.
Figure 2 shows that the effect of axial stress on the 
shear modulus is qualitatively similar to the effect of an 
applied field. The extreme sensitivity of the modulus to 
axial stress shows why it is necessary to use an inverted 
pendulum system with very sensitive tensioning capabil­
ity. In our case the axial load can be reduced to below 
lg; any lower load is insufficient to hold the wire 
straight. An approximate way of relating stress to mag­
netic field, valid for transversely field-annealed ribbons, 
is to define an effective stress field Ha = 3 \ / s /2 p 0Ms. 
If this is done for fig. 2 the resulting stress field is about 
three times too small, but this discrepancy is not serious 
in view of the very different domain structure in the 
wires.
Figure 3 shows the dependence of internal friction 
on applied field. At the low frequencies used in these 
measurements (<  1 Hz) eddy currents are negligible, so 








0 1 2 3
H (kA/m)
Fig. 3. Internal friction against applied field (axial stress *  0.5 
MPa). For key see fig. 1.
mechanical damping caused by irreversible domain wall 
movement [5,6]. The observed strain dependence of the 
damping is further evidence for this mechanism. In the 
core-sheath domain model the walls responsible may be 
either the 180° walls between the radial domains in the 
sheath or the closure domains at the surface and at the 
interface between core and sheath. It is hoped that 
further study of the damping will help to elucidate the 
domain structure.
In conclusion, the field dependence of shear mod­
ulus in amorphous wires can be broadly understood in 
terms of existing models of moment rotation and do­
main structure. The internal friction is dominated by 
irreversible wall movement.
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Magnetoelastic behaviour of stress-annealed 
Co735F e15Si15B 10 amorphous ribbon
P.T. Squire a, M.R.J. Gibbs a, J.M. Barandiaran b, J. Gutierrez b and A. Garcia-Arribas b
“ U niversity o f  B ath , B ath  B A 27A Y , U K
b D ep a rta m en to  E lec tr ic id a d  y  E lectron ica , F a cu lta d  d e  C iencas, U n ivers idad  d e l Pais Vasco, A p td o  644, 48080-B ilbao , Spain
M easurem ents o f  Y oung’s m odulus ( £ )  and m agnetostrictive strain (A) as functions o f the applied m agnetic field have 
been made on a sam ple o f Co-based amorphous-ribbon having weak negative magnetostriction; the sam ple had previously 
been flash annealed under tensile stress to induce transverse magnetic anisotropy. In order to study the distribution of 
induced anisotropy a new method based on the m easurem ent o f the second harmonic o f the signal induced by a small ac 
excitation has been used. The data dem onstrate internal consistency, confirm ing the value o f such indirect m easurem ents in 
understanding anisotropy and mom ent distribution.
The detailed mechanisms of anisotropy in am or­
phous ribbons are still the subject of debate [lj. A n­
nealing under stress is an established way of inducing 
anisotropy with a magnitude of order 102-1 0 3 J m -3
[2]. It is the purpose of this paper to show how mag­
netic and magnetoelastic measurements on an an­
nealed ribbon can be interpreted in the light of a 
phenomenological model, and thereby help to clarify 
the nature of anisotropy in amorphous ribbons.
In a recent paper [3] Squire has presented a model 
of amorphous ribbons that allows calculation of the 
magnetic and magnetoelastic properties of a ribbon in 
terms of the easy axis orientation 6, anisotropy energy 
density K, and applied field strength H. In particular it 
predicts that the Young’s modulus E  is given by
£ / £ s = l / [ l  + (9A2£ 2/ 8 £ ) £ ( / / ; 0 ) ] , (1 )
where £ , is the saturation modulus and As is the 
saturation magnetostriction. £  is a function that con­
tains the field dependence for a given 6. In the special 
case of purely transverse anisotropy (6 =  90°) eq. (1) 
reduces to the result given by Livingston [4], for which 
the modulus at zero field £ 0 =  £ s. For any other 
nonzero angle £ 0 < £ s. The ratio £ / £ s provides a 
sensitive tool for analysing easy-axis orientation and 
anisotropy magnitude.
The maximum magnetostrictive strain Amax also de­
pends on 6. For pure uniaxial anisotropy
Amax = §AS sin20. (2)
A novel technique [5] is used to give a direct m ea­
surement of the distribution of the magnitude of the 
transverse anisotropy. This is a development of the 
method described in ref. [6].
The sample was a ribbon of C o ^ F e , .5S i15B 10 88 x
0.5 x  0.03 mm3. It was flash anneaied at a current of 
725 mA for 5 s with a tensile stress of 390 MPa 
applied. This composition has a small negative magne­
tostriction, so tensile stress annealing should induce a 
transverse anisotropy [2]. The tem perature was high 
enough to relieve the internal stresses due to the 
casting process.
The Young’s modulus was measured as a function 
of applied field by the vibrating reed [7] method. The 
results for modes 3-5 , corrected for the pole effect [8], 
are shown in normalised form in fig. 1.
The magnetostriction was measured directly in a 
fibre-optic dilatom eter [9]; the maximum strain was 
( -6 .6 5  ±  0.3) x  10~6.
The anisotropy distribution is shown in fig. 2. This is 
a plot of the second harmonic of the signal induced by 
the sample in a pickup coil in the presence of a small 
ac modulation field superimposed on the dc biac field
H. It can be shown to be proportional to the anisotropy 
distribution for purely transverse anisotropy [5,6], The 
horizontal axis is related to the anisotropy magnitude 
through the usual relation H K = 2 K /p .0M s. Since it is 
shown below that the easy axes are almost purely 
transverse in the present case, it follows that the ob-
E/E.
•  -  Mode 3 
■ -  Mode 4
* -  Mode S
• »*■ V
0 500 1000 1500 2000
H (A/m)
Fig. 1. Norm alised Y oung’s modulus as a function o f applied  
field.
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Fig. 2. Anisotropy distribution as a function o f applied field.
served distribution is almost entirely due to the distri­
bution of the magnitude of K.
The A £  data shown in fig. 1 are typical of a sample 
with transverse anisotropy [3,4]. In particular, the mod­
ulus ratio £ 0/ £ s is close to one, and the modulus has a 
well defined minimum near the anisotropy field HK. In 
the ideal case [4] the modulus in zero field is equal to 
the saturation modulus, and for H >  HK it rises discon- 
tinuously from its minimum value £ mjn to £ s. If the 
easy axis is at some angle d to the ribbon axis it may be 
shown [3] that for zero field and stress the function £  
in eq. (1) is just sin220. The ratio E0/ E i can thus be 
used to deduce the quantity <sin220> characterising 
the dispersion of easy axis-directions. In the case of 
small dispersion 8 about 6 =  90° it follows that
(3)
The modulus ratio £ 0/ £ s obtained by curve fitting fig. 
1 near H  = 0 is 0.99987 ±  0.000095. Taking A s to be 
2 /3  of the measured maximum magnetostriction gives 
As =  (4.43 ±  0.2) X  10-6 . The saturation modulus de­
termined from longitudinal resonance is (1.65 ±0.05) 
X 10" Pa. An average value of K  can be found from 
the anisotropy field distribution in fig. 2. Taking f i0M i 
to be 0.8 T one deduces K  = (190 ± 10)J/m 3. Combin­
ing these one finds
|A2£ s/ £  = (1.89 ±  0.13) x  10~2. (4)
Inserting these data into eq. (3) gives <52) = (1.7 ±  1.3) 
X  10"3 rad2, corresponding to a rms deviation in easy 
axis orientation of 2.4°( + 0.7° -  1.2°). This is rather less 
than typical values found in carefully field-annealed 
amorphous ribbons [10].
The same data can now be used to compare the 
measured and calculated values of minimum modulus. 
Curve fitting the data of fig. 1 around the minimum 
gives £ min/ £ s = 0.99165 ± 0.00013 at H  = (376 ±  20) 
A /m . For 0 = 90° £  in eq. (1) is 4 which, combined
with the previous data, gives £ mm/ £ s = 0.930 ±  0.004. 
The calculated value of £ min/ £ s is thus significantly 
lower than the measured value; it also occurs at a 
lower applied field. The discrepancy arises from two 
factors: the small dispersion in easy axis orientation 
and the rather larger spread in anisotropy magnitude.
The results in fig. 2 show that the anisotropy magni­
tude is not clearly defined. In addition to a significant 
spread of ± 20  J / m 3 at half the maximum height, there 
is a pronounced structure that suggests regions in 
which K  is constant but different from other regions. 
The origin of this fine structure is not yet known, but 
may be related to the nonuniform cross section of the 
ribbon. Further work is clearly needed to clarify this 
matter.
The effect of a small dispersion in 0 is to reduce the 
maximum value of the function £  in eq. (1). It is shown 
in ref. [3] that quite small deviations of 6 from 90° 
reduce £max significantly; they also shift the position of 
the modulus minimum to lower values and make the 
approach to saturation more gradual, as seen in fig. 1. 
The large spread in K  also broadens the minimum and 
reduces its depth. More detailed work is needed to 
show how these two factors change the exact shape of 
the modulus variation. There is, for instance, evidence 
in fig. 1 of the structure seen more clearly in fig. 2. It is 
reassuring that the spread in 0 and K  both work to 
improve the agreement between measured and calcu­
lated A £  data. It should be noted that a spread in K  
alone is not sufficient to depress the value of E 0/ E s 
below unity; only a deviation of 0 from 90° can cause 
this.
Stress annealing of C o - ^ F e ,5Si15B e10 produces 
transverse anisotropy with a mean magnitude = 190  
J / m 3 and a spread of ± 20 J / m 3 with a pronounced 
fine structure. The rms deviation of easy axis orienta­
tion from the transverse orientation is less than 3°. The 
field dependence of Young’s modulus is consistent 
with the moment rotation model.
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Magnetoelastic Properties of Cold-Drawn FeSiB Amorphous Wires
S. Atalay and P.T. Squire 
School of Physics, University of Bath, Bath, BA2 7AY, U.K.
Abstract Measurements of the field-dependent 
magnetostriction and AE  effect in annealed, cold-drawn 
amorphous wires, 90p.ni In diameter, are reported. The results are 
discussed in the light of existing domain models. Annealing first 
reduces the anisotropy; further annealing in air induces surface 
crystallization. It is suggested that this favours a circumferential 
domain structure, favourable for large magnetoelastic effects.
I .  I N T R O D U C T I O N
Previous reports [1,2] have described the field dependence 
of Young’s modulus £  and shear modulus G of Fe-n.jSi7jB ls 
amorphous wires with a diameter of 125 pm in the undrawn, 
as-cast and stress stales. It is the main purpose of this paper to 
present data on the field dependence of £  and engineering 
magnetostriction \  of cold-drawn amorphous wire with a 
diameter of90 pm. It is well known that during the cold-drawing 
process a large stress is induced into the wire. This process 
modifies the stress distribution, and as a result the domain 
structure. The large internal stress combines with large positive 
magnetostriction to produce a large anisotropy which is of the 
order of 4500-5000 J/m3.
In [ 1 ] it was argued that the field dependence of the elastic 
modulus can be modelled by ( 1).
E, (1 + p £ (6 , / / ,o ) ) '  
where £ f is the saturation modulus. £  is a numerical factor of 
order unity, and is a function of easy-axis orientation 6 , applied 
field H, and stress a. The magnitude of £ /£ , is determined 
mainly by the dimensionless ratio [5, defined as
P  =  * £ / * ,  . (2)
where K is the anisotropy constant, and X, is the saturation
magnetostriction. For typical values of K - 5000 J/m3, X,=35
ppm, and £,=1.6x10“ N/m2 [5=0.04, as a result the change in
modulus is very small.
The effect of annealing undrawn wires is first to relieve the 
casting stress, reducing K and increasing the A£  effect. 
Subsequent annealing can lead to an increase in K through
the onset of crystallization [2]. Associated with the changes in 
K  are rearrangements of the magnetic domains, which change 
the value of the function F in (1).
The field dependent strain, sometimes called the 
engineering magnetostriction Xt , is related to the saturation 
magnetostriction constant by
Xt = (3/2)X,(cos2 Qf  -  cos2 0 ,), (3)
where 6,  is the final angle between the magnetic moment 
direction and the wire axis with the field applied, and 6 , is the 
initial angle. In order to obtain maximum magnetostrictive 
strain the initial moment direction must be perpendicular to 
field. In amorphous ribbons this can be obtained either by 
transverse field annealing [3] or by surface crystallization [4]. 
Field annealing of amorphous wires has been reported [5]. The 
cylindrical geometry requires high fields to achieve this, and 
the results indicate that the moments are not completely 
transverse at H=0. Surface crystallization should, however, be 
equally effective in either geometry. It has been shown that the 
density difference between crystalline surface and amorphous 
bulk produces a compressive stress in the bulk of the material
[6 ]. This creates an easy axis direction out of the ribbon plane 
in material with positive magnetostriction. In wire the effect 
should be to produce an easy axis perpendicular to the wire axis.
In this paper we report for the first time the effects of 
annealing in zero applied field on the A£ effect and X,(H). The 
effect of surface crystallization is also reported, and a 
corresponding domain structure suggested.
II. E x p e r i m e n t a l  d e t a i l s
Amorphous cold-drawn wire o f Fe77jSi7 jB1j with a 
diameter of 90|im was supplied by the Unitika Corporation. 
Samples were cut to 7 cm length and annealed in air in a 
noninductive fumace at zero applied field at a temperature of 
480°C for times between 2 and 120 min.
The MIH loops were obtained using a dc digital system and 
the anisotropy constant K calculated from the loops. The 
Young’s modulus was measured by the vibrating reed method. 
The third mode was excited with a free length of 2.5 cm. X,(H) 
data were obtained by using a fibre-optic dilatometer. Surface 
crystallization was examined using an X-ray powder camera.
M a n u scrip t r e c e iv e d  F eb ru a ry  1 7 . 1 9 9 2 .
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F ig . 1. H y ste r e s is  lo o p s  o f  9 0  p m  w ires  a n n ealed  at 4 80 *°C . T h e  la b e ls  are the  
a n n e a lin g  t im e s  in  m in u tes . (T h e  10 and 6 0  m in  lo o p s  are d isp la ced  
h o r iz o n ta lly .)
III. R e s u l t s  a n d  d i s c u s s i o n
Fig. 1 shows dc hysteresis loops of wires annealed at 480°C 
for 2, 10 and 60 min. Annealing for only 2 min relieves most 
of the internal stress, as shown by the low coercivity. A Large 
Barkhausen Jump (LBJ) was observed, suggesting that enough 
stress remains to allow the existence of distinct core and sheath., 
The LBJ is not observed for such a short, as-cast, 125 pm 
diameter wire after annealing (1] because of the larger 
demagnetizing effect, but it has been shown to appear in shorter 
drawn wires [7). Further annealing reduces the stress and 
associated anisotropy to an extent that does not support a 
core-sheath domain structure, so no LBJ is observed. 
Eventually surface crystallization leads to an increase in 
anisotropy energy (Table I).
Fig. 2 shows the field dependence of magnetostriction, 
which is a good indicator of initial moment orientation (see (3)). 
If it is assumed that X, does not change with annealing, then 
maximum X, results from 90° rotation by all moments. In the 
sample annealed for 2 min the LBJ shows that there is an axially 
magnetised core which cannot contribute to X,.
T A B L E  I
A niso tropy  C o n s ta n ts  an d  CoERcrvmEs o f 
C o ld -D raw n  W ires A nnealed  a t  4 8 0 * C
T im e  (m in ) K ( J W ) H, (A /m )
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Fig. 2. Magnetostriction as a function of applied field for 
various annealing times in minutes.
Even if the remaining moments are mostly transverse when the 
applied field is zero, the reorientation of moments produces a 
net peak strain of -48 ppm which is slightly less than (3/2)X,.
For the 10 min anneal, the peak strain is 36ppm, indicating 
a substantial number of moments initially either axial or at 
intermediate angles. The largest peak strain of about 55 ppm 
was found for the wires annealed for 60 min. In this case, the 
moments initially are almost perpendicular to applied field and 
the peak strain can be identified with (3/2)X,, giving a value of 
X,=37 ppm, similar to previously reported values obtained by 
the indirect SAMR method [8].
Fig. 3 shows the field dependence of Young’s modulus. As 
explained in [1], the initial value of £ /£ ,is  determined by the 
initial moment orientation. Equations (1) and (2) show that the 
maximum change in £  increases as 1 IK. For the 2 min anneal 
there is a substantial A£  effect, consistent with the data in Table 
I. The low value of £ /£ , indicates a significant number of 
moments at angles between 45*-60* to wire axis. The data for 
the 10 min anneal in Fig. 3 are consistent with a further reduction 
in K, as shown in Table I. For the 60 min anneal the onset of 
crystallization leads to an increase in K\ the reduced A£  effect 
and higher field at the minimum are both consequences of this. 
A further effect is the much higher initial value of £ /£ , which 
shows that the easy axis direction must be very close to 90* to 
the wire axis. Data for the sample annealed for 120 min show 
a further reduction in the A£ effect and shift to higher field of 
the minimum modulus, as expected for the higher value of K.
Density measurements [6] showed that a completely 
crystallized ribbon sample has a higher density than an 
amorphous sample. It follows that a partly crystallized layer at 
the surface of a wire contracts, causing a compressive stress on 
the internal amorphous portion of sample.
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Fig. 3. Normalized Young’s modulus as a function of 
applied field.
Direct evidence for such crystallization comes from the X-ray 
diffraction data, which show a clear crystalline iron peak for 
the 60 min annealed sample. For a positively magnetostrictive 
material, this will result in a zero-field moment orientation 
perpendicular to the direction of compressive stress. We 
suggest, therefore, that in surface crystallized wire magnetic 
moments align in the circumferential direction when H=0, as 





Fig. 4. Schematic representation of suggested domain 
model for surface crystallized wire. The cross-section of the 
wire is shown.
The Field dependence of Young’s modulus and 
engineering magnetostriction in annealed cold-drawn Fe-based 
amorphous wires can be explained by the moment rotation 
model. Evidence from the hysteresis loops, £ (//) and X,(H) 
consistently shows that annealing first reduces the anisotropy 
by relieving stress. Further annealing induces surface 
crystallization, which increases the anisotropy and favours a 
domain structure with the magnetic moments aligned in a 
circumferential direction.
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Magnetomechanical damping in FeSiB amorphous wires
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Magnetomechanical damping of amorphous wires has been measured as a function of the 
surface torsional strain ( frequency~ 1-4 Hz) at different applied tensile stresses and applied 
magnetic fields. The wire used in these measurements has a composition o f Fe77 5B,jSi7 5 with a 
diameter of 125 fim. The variation o f magnetomechanical damping as a function o f torsional 
strain shows a maximum as previously observed in ferromagnetic materials. It has been found 
that the main mechanism responsible for magnetomechanical damping is magnetomechanical 
hysteresis associated with irreversible motion o f 90* domain walls. The influence of macroeddy 
and microeddy currents is negligible at the very low frequency of measurement. The large 
casting stress of > 200 MPa was reduced by furnace annealing at zero field to about 2 MPa. 
Further annealing induced a small amount of surface crystallization. The effects of annealing, 
magnetic field and tensile stress on the magnetomechanical properties of amorphous wires are 
discussed in the light of existing models. It is shown that a model based on the distribution of 
internal stress alone is unable to explain all the features o f the results. A model incorporating the 
distribution of domain wall energy is successful in explaining the results if a correction is made 
for the significant strain dependence o f shear modulus.
I. INTRODUCTION
Magnetomechanical damping can be used as a sensitive 
tool for probing internal stress in ferromagnetic materials. 1 
It has been shown that dampifig o f ferromagnetic materials 
can be considerably higher than that of nonmagnetic ma­
terials bfecause of the additional losses associated with ir­
reversible domain wall movement.2
Damping for ferromagnetic materials can be expressed 
by a superposition of the following three mechanisms: mac­
roscopic eddy current, microscopic eddy currents, and 
magnetomechanical hysteresis;3' 3 that is
Q t * —QMf +  Qmt +Qh  '« (1)
where Q j 1 is the total damping. The first two terms 
on the right are macroscopic (Qm\)  and microscopic 
(£m«) eddy currents, which are induced by the change in 
the magnetization of the sample under the influence of an 
elastic stress. Both micro and macro eddy current losses 
are a function of the oscillation frequency. The measure­
ments reported here were performed at very low frequen­
cies (1 -4  H z), with typical eddy current damping for the 
samples used of ~  1 0 “ 5, which is two or three orders of 
magnitude smaller than the experimental damping values.
The third term on the right in Eq. (1 ), is mag­
netomechanical hysteresis loss, which depends on the am­
plitude of the oscillation and is independent o f frequency. 
Q h l is basically due to the irreversible motion of domain 
walls. In view of the negligible contribution to the total 
damping of the eddy current terms in this work, they will 
not be considered further, so the damping will be denoted 
simply by Q ~ l.
Magnetomechanical hysteresis was discovered by 
Becker and Kometzki,6 who showed that under the influ­
ence o f an external mechanical stress, domain walls move 
in a manner resembling the effect of an external magnetic
field. The energy lost during a magnetomechanical stress- 
strain cycle arises from the irreversible motion of 90* do­
main walls. Cochardt,7'8 Smith and Birchak, 1 and Degau- 
que and Astie9 have attempted theoretically to explain 
magnetomechanical damping on the basis of the magneto­
mechanical hysteresis loop and irreversible motion of 90* 
domain walls. These models have been used to explain 
many of the details of damping in crystalline ferromagnets; 
this article presents the first detailed account of magneto­
mechanical damping in ferromagnetic amorphous wires, 
and examines the extent to which these theoretical models 
apply.
In a previous study10 we have reported the magnetic 
field and tensile stress dependence of the shear modulus. In 
this article we also present the first published data on the 
torsional strain dependence of the shear modulus in an­
nealed amorphous wires. It is necessary to take account of 
this in applying the Degauque-Astie model.
II. MATHEMATICAL MODELS OF 
MAGNETOMECHANICAL DAMPING
Magnetomechanical damping can be defined as the ra­
tio of energy loss per cycle L W  to the total energy W  at 







E  is Young’s modulus and a  is applied stress.
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A. The Smith-Birchak model
Magnetomechanical damping behavior has been ex­
plained by Smith and Birchak1 in terms of the distribution 
of local average internal stress a ^ . The distribution func­
tion N (a ioc) was assumed to be of the form
4 / - 2 a k)c\
A ^ioc) = ^3  exp^— —  J (3)
They also assumed that the energy loss depends on the 
average internal stress a h which opposes the domain wall 
motion, and have obtained magnetomechanical damping as 
a function of torsional strain € and tensile stress aeff:
, 2KXSES 1 
Q~ = — —  { 11 -  exp( - 2y) (1  +  2y
(4)
where
y= 7TT75 ex ——,
Es is Young's modulus at saturation, K  is a dimensionless 
constant that depends on the shape of the stress-strain 
loop, and Xs is the magnetostriction constant. The maxi­
mum position of the damping is obtained by setting dQ~  ’/  
d x = 0 ; this leads to a relationship which allows direct com­
parison of the theory with the experimental data through 
the expressions:
*(&;,'„> =0.7256(1 W ) 1
and
2K X &  1
Gm.*=0-34 ~ ~ T ~  ( i + t ^ )  '
(5 )
(6)
To see the effect of the applied magnetic field. Smith and 
Birchak assumed that can be replaced by 2fi0H M / i X s, 
where H  is the magnetic field and M s is the saturation 
magnetization.
B. The Degauque-Astie model
The theoretical model for magnetomechanical damp­
ing of Degauque and Astie9 assumes that for a twisted 
ferromagnetic wire, damping is proportional to the ratio of 
the remanent torsional strain e, to the maximum torsional 
strain. They also proposed that magnetic field and tor­
sional strain act simultaneously on domain walls and that 
damping only occurs for irreversible motion of 90° domain 
walls. By assuming that €r is proportional to the number of 
90* domain walls which move irreversibly they obtained 
the following damping equation:11
1
'|, =  2 7 ? eXp(“ 2 y ' ) { - 4 e X p ( - Z , ) I 3 r , ( 3 Z |+ 4 )
+  3 Z l + 5 1 - 4 e x p ( - 3 Z , ) I 3 Y , ( 3 Z l + 4 )  +  9Zf
+  15Z, +  5 ) + 4 e x p ( - 4 Z I) l 6 r 1(3Z,  +  2) 
+  1 8 Z f + l 8 Z ,  +  5 ] - | - 4 ( 1 2 r I +  5 ) } I
where ^  is a dimensionless measure of the damping.
Also
f in o M J fc o s a ,  (7a)
where a  is the angle between H  and the easy axis and
Z | =  (3 /2  )AsGe cos y, (7b)
where y  >s the angle between axis of mechanical stress and 
the easy axis, and G is the shear modulus.
Equation (7) may be fitted to the experimental data. 
In the original paper9 this was done by fitting the peak in 
the damping curve in a similar manner to that described 
above for the Smith-Birchak model; in this work we have 
used a nonlinear least-squares method to fit the whole 
damping curve. Curve fitting produces two scaling factors: 
G j./'l'm ,, and €„m /Z , MX. The first of these ratios is pro­
portional to the number o f 90* domain walls per unit vol­
ume that undergo irreversible jumps; the second ratio is 
related through Eq. (7b) to the easy axis orientation y. In 
scaling the strain axis it is important to note the presence o f  
G in the definition o f Z t; in crystalline materials this can be 
treated as sensibly constant, but in the present case that 
assumption is not valid. The fitting process also yields, in 
the case of H^=0, values for the parameter Y x given by Eq. 
(7a). The effects of stress may be treated, as in the Smith- 
Birchak model, by using an effective stress magnetic field.
III. EXPERIMENTAL METHOD
Amorphous wire with a composition o f Fe^ 5B |5Si7 5, 
125 /zm in diameter, was obtained from the Unitika Cor­
poration. Samples 20 cm long were annealed in a tube 
furnace at zero applied field. The damping measurements 
were carried out using arf inverted pendulum system12 with 
a capacitance rotation sensor system to measure the angu­
lar displacement o f the torsional motion. The system can 
measure strains as low as 2.5 X 10~ 6 and, although the wire 
diameter is very small, the axial stress can be as low as 0.5 
MPa.
The digitized oscillations of the wire were fitted using 
the function
K = 60 exp( — kt)cos((o0t+<l>)+bi, ( 8 )
where b„ is oscillation amplitude, k is the damping con­
stant, <u0 is the angular frequency, <b is an arbitrary phase, 
and b x is a dc offset constant. The damping and shear 
modulus can be calculated from parameters k and &>0 using 
Eqs. (9) and (10).
, 2tj*







where / is the length of the wire, I is the moment o f inertia, 
and r is the radius of the wire. As explained in Ref. 12 it is 
not possible to fit a complete oscillogram using Eq. ( 8 ) 
because the parameters are strain dependent; curve fitting
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1 0 5x T o r s to n a l  S t r a i n  (c)
F I G . I. D a m p in g  a g a in s t  to r s io n a l s tr a in  a t ze r o  a p p lied  fie ld  for  d ifferen t  
a n n e a lin g  te m p e r a tu r e s  a n d  t im es. T h e  fitted  c u r v e s  w ere  o b ta in e d  fro m  
th e  S m ith -B ir c h a k  m o d e l.
was therefore done for one or two oscillations to extract 
the strain dependence of the shear modulus and damping. 
In addition, this system allows measurements at different 
applied tensile stresses and magnetic fields. In these mea­
surements the magnetic component of the damping was 
obtained by subtracting from the measured damping values 
the damping value in the magnetically saturated state of 
the sample, for which damping is mainly due to air drag. 
The surface torsional strain was calculated according to 
the formula
where 6 is the angle of twist which is obtained from ba in 
Eq. (8). Measurements were made with 0.43 MPa applied 
tensile stress, except for those made explicitly to study the 
effect of tensile stress. In practice it is not possible to re­
duce the tensile stress to zero because a small stress is 
required to keep the wire straight during measurements.
As-cast wire shows almost zero magnetic damping10 
due to the large internal stress ( — 220 MPa) induced dur­
ing the quenching.13 An estimate of damping for as-cast 
wire by using Eq. (6) with this value of stress indicates 
that Q^JX is of the order of 10-4 , which is very small 
compared to the values found in annealed wires. Annealing 
relieves most of the internal stress, leading to a significant 
change in domain structure and the disappearance of the 
characteristic large Barkhausen jum p.13 To obtain a large 
magnetomechanical damping and a maximum change in 
shear modulus, amorphous wires were subjected to various 
thermal anneals. Annealing was carried out in a noninduc- 
tively wound tube furnace in air.
IV. RESULTS AND DISCUSSION
A. Damping
The results of wires annealed at 420 and 460 *C for 
different annealing times are given in Fig. 1, where the
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T A B L E  I. A n n e a lin g  c o n d it io n s  for  s a m p le s  s tu d ie d , to g e th e r  w ith  th e  
p a ra m eters  a, a n d  K  u sed  to  (it th e  S m ith -B ir c h a k  m o d e l E q s. ( 5 )  a n d  
( 6 )  to  th e  e x p er im e n ta l d a m p in g  d a ta  in  F ig . 1.
T em p .
(* C )
T im e
( m i n ) 0 - ' .
a,
( M P a ) K
4 2 0 5 0 .0 1 6 2 .6 0 .0 2 1
4 2 0 6 0 0 .0 2 4 2 .3 0 .0 5 2
4 6 0 15 0 .0 4 2 2 .6 0 .1 0 5
4 6 0 5 5 0 .0 2 4 2 .4 0 .0 4 1
4 6 0 7 0 •0 .0 2 7 3 .4 0 .0 5 8
change in damping is shown as a function of torsional 
strain. The behavior of the damping curve against torsional 
strain for amorphous wire is similar to that normally ob­
served in crystalline ferromagnetic materials.14 Damping 
first increases, then decreases with increasing torsional 
strain. The maximum damping peak is —0.042 for 
the wire annealed at 460*C for IS min. To obtain a damp­
ing peak as high as 0.042 at 420 *C longer anneal times are 
required to relieve the internal stress, in accordance with 
standard kinetics. Longer annealing at 460 *C results in a 
reduction of the damping peak. This is attributed to the 
stress associated with surface crystallization, which has 
been reported elsewhere.15,16
The fitted curves in Fig. 1 are from the Smith-Birchak 
model, and were obtained using Eqs. (5) and (6). The 
parameters found from these fits are given in Table I. They 
confirm the reduction of internal stress with annealing, but 
show also that the heights of the peaks are not simply 
proportional to l/o ,. The additional factor K  in the model 
describes the shape of the mechanical hysteresis loop, and 
therefore indirectly the domain structure. Since the domain 
structure in magnetostrictive amorphous wires is strongly 
influenced by the internal stress, it is only to be expected 
that annealing will change the value o f K. With the present 
extent of understanding of domain structures in amor­
phous wires it is not possible to give an adequate model to 
calculate K.
Figure 2 shows the same experimental data as Fig. 1, 
but the fitted curves are from the Degauque-Astie model 
[Eq. (7)]. The horizontal axis is scaled for this purpose by 
the shear modulus ratio G/Gp because the variable Z ( in 
the model is proportional to Ge [Eq. (7b)]. (In  previous 
studies of crystalline ferromagnets7-9 this has not been nec­
essary because the change in modulus amounts to less than 
1%. In the case of amorphous materials, by contrast, the 
modulus may change by a factor of more than 2 as the 
strain varies, as shown in Fig. 5.) It is apparent that within 
the accuracy of the experimental data there is no reason for 
preferring either model.
Figure 3 shows damping against normalized torsional 
strain at different applied fields. The key point to note here 
is the initial increase in the height of the damping peak and 
its shift to lower stress. These features cannot be explained 
by the Smith-Birchak model; the fitted curves are therefore 
shown only for the Degauque-Astie model, as explained 
below. Figure 4 shows the effect on the damping of increas­
ing the applied tensile stress. As expected, the damping
S Atalay and P. T Squire 873
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F I G . 2. C o m p a r is o n  o f  th e  D e g a u q u e - A s t ie  m o d e l w ith  th e  e x p er im e n ta l  
d a ta  g iv en  in  F ig . I. T h e  to r s io n a l  s tra in  h a s b een  c o r r e c te d  b y  th e  fa c to r  
G /G ,  t o  a llo w  for  th e  s tr a in -d e p e n d e n c e  o f  th e  s h e a r  m o d u lu s .
F I G . 4 . D a m p in g  a g a in s t  n o r m a liz e d  s tra in  for d ifferen t a p p lied  te n s i le  
s tr e sse s  for  s a m p le  a n n e a le d  a t 4 6 0  *C for  7 0  m in . T h e  fitted  c u r v e s  w e r e  
o b ta in e d  from  E q . ( 7 ) .
peak is depressed by this. For the reason explained above, 
it is not possible to measure the zero-stress damping curve.
The behavior of the damping peak of amorphous wires 
as a function of magnetic field or tensile stress cannot be 
fully explained by the Smith-Birchak model, because the 
effect of field and stress on domain walls is represented as 
a random function. The model does not consider either 
domain structure or the angle between easy axis and field 
or tensile stress. As a result the Smith-Birchak model can 
only give a lowering of maximum damping value with in­
creasing magnetic field or tensile stress.
To explain the effects of applied field we have used the 
Degauque-Astie model. The values used in curve fitting 
Figs. 2-4 are given in Table II. As explained by Degauque 
and Astie,9 the magnetic field plays two roles: first, a very 
small field puts the domain walls in an energy position 
where torsional strain can induce a bigger number of irre­
versible wall jumps than in zero applied field, leading to an 
increment in the damping peak. Second, at larger field the 
field itself becomes strong enough to cause irreversible do­
main wall jumps, so irreversible jumps due to the torsional 
strain will be less, leading to a lower damping peak. It is 
possible that the application of very small tensile stresses to 
a stress-free wire may increase the damping by analogy 
with the effect of an applied field. Such an effect has not 
been observed in this study, possibly because the residual 
stress cannot be reduced to a sufficiently low level. In prin­
ciple the parameter T, can be used together with Eq. (7a) 
to estimate the mean easy axis direction; however, with the 
precision of the present data the statistical uncertainties in 
the fitted values of yj do qot allow this. For the same 
reason the correlation between the values of Y ] and H  










F I G . 3. D a m p in g  a ga in st n o r m a liz e d  stra in  Tor d ifferen t a p p lie d  f ie ld s  for  
s a m p le  a n n e a le d  at 4 6 0  *C for  15 m in . T h e  fitted  c u r v e s  w ere  o b ta in e d  
fro m  E q. ( 7 ) .
B. S h e a r  m o d u lu s
Figure 5 shows the dependence of shear modulus on 
torsional strain for the same annealing conditions as Fig. 1. 
The largest change in modulus was observed for the wire
T A B L E  II. P a ra m eters  u sed  to  fit th e  D e g a u q u e -A s t ie  m o d e l  E q s  ( 7 ) -  
( 7 b )  to  th e  e x p er im e n ta l d a m p in g  d a ta  o f  F ig s  2 -4
T e m p
C O
T im e
( m in )
g j . I0» ew
z tm» Y\
H
( A / m )
a
( M P a )
4 2 0 5 0 .0 7 0 7 .6 0.01 0 0 4 3
4 2 0 6 0 0 .1 0 9 5 .9 0 4 9 0 0 .4 3
4 6 0 15 0 .1 6 6 5 .7 0 .0 6 0 0  43
4 6 0 15 0 .1 9 0 3 .7 - 0 . 0 1 35 0 .4 3
4 6 0 IS I 23 6 .2 2.3 79 0 .4 3
4 6 0 55 0 .0 9 1 6 .0 0 .0 3 2 0 0 .4 3
4 6 0 7 0 0 .2 6 5 10.4 1.3 0 0 .4 3
4 6 0 7 0 0 .1 3 4 1 6 4 1.5 0 4.7 1
4 6 0 7 0 0 0 9 4 16.1 16 1 0 8 .6 2









F I G . S. S h e a r  m o d u lu s  a g a in s t  to r s io n a l  s tr a in  at z e r o  a p p lie d  fie ld . F o r  
th e  k ey  s e e  F ig  1. T h e  fitted  c u r v e s  a re  fo r  g u id a n c e  o n ly
annealed at 460 *C for 15 min, which is also the condition 
for maximum damping. The modulus at low strain goes 
down slightly, then starts to increase with increasing 
strain. It is also found that the change in modulus gets 
smaller with increment in applied field or applied tensile 
stress.
The general behavior of shear modulus as a function of 
torsional strain shown in Fig. 5 is similar to that already 
reported10 for the dependence on applied field and tensile 
stress. When the directions of stress and magnetic field are 
both parallel to the wire axis, the model proposed by 
Squire17 for the AE  effect in field-annealed amorphous rib­
bons can be used to explain field and stress dependence of 
Young’s modulus. It is generally true that reducing the 
anisotropy energy increases the magnitude of elastic mod­
ulus changes, and the large change in shear modulus seen 
in Fig. 5 is consistent with this. However, torsional strain 
induces a more complicated stress distribution than that 
induced by tensile strain, so the calculation of the torsional 
strain dependence of shear modulus is a more difficult
problem, that has not yet been attempted. Furthermore, 
the present damping data show clear evidence of the im­
portance of 90s domain walls in amorphous wires, and the 
motion of these walls will also induce strain into the ma­
terial. It remains for a future study to take these effects into 
account.
V. CONCLUSIONS
The damping observed in torsional oscillations of an­
nealed FeSiB amorphous wires as a function of torsional 
strain is due to magnetomechanical hysteresis, i.e., the 
mechanism associated with irreversible motion of 90° do­
main walls. The Smith-Birchak model can explain the ef­
fect of annealing in reducing the internal stress in amor­
phous wires; it shows that the internal stress is reduced 
from an initial value of > 200 MPa to as low as 2.3 MPa. 
The effects of magnetic field and tensile stress have been 
explained in terms of Degauque-Astie model. The tor­
sional strain dependence of shear modulus is qualitatively 
similar to the magnetic field and tensile stress dependence, 
and can be partly related to the internal stress; however, it 
cannot be fully explained by existing models.
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The effect of furnace annealing on the magnetic and magnetoelastic properties of amorphous 
wire o f composition Fe77 jSi75B |5 has been investigated. The field dependence of Young’s 
modulus and magnetization combined with x-ray analysis and scanning electron microscopy 
have been used to monitor the effects of annealing. The results indicate that progressive 
annealing leads first to relief of the radial casting stress with a corresponding reduction in angle 
between the average easy direction and the wire axis. Further annealing leads to surface 
crystallization for which it is suggested that the moments take up a circumferential orientation. 
Annealing still further leads to crystallization of the bulk material which greatly increases the 
anisotropy and greatly reduces the AE  effect.
I. INTRODUCTION
It is generally agreed that the magnetic properties of 
as-cast magnetostrictive amorphous wire are controlled by 
the combination of a radial casting stress coupled with the 
magnetostriction and demagnetizing effects. This has led to 
a proposed domain structure consisting of an essentially 
axially magnetized core and a radially magnetized sheath.1 
Previous investigations have included understanding the 
effect o f the wire length,2 current flash annealing,3 longitu­
dinal stress,4 torsional strain,3 transverse field annealing,6 
and combinations of such treatments6 upon the magnetic 
and magnetoelastic properties of amorphous wire. How­
ever, the effect of progressive annealing through to crystal­
lization has received much less attention, despite the re­
ported importance of surface crystallization in the control 
o f the magnetic and magnetoelastic properties of amor­
phous ribbons.7,8 Also, the measurement of the magneto­
elastic properties, in particular the field dependence of  
magnetostriction, A, and Young’s modulus, E, which pro­
vides indirect information about moment angles and hence 
the domain structure, has been used in the study of amor­
phous ribbons,8,9 but has received only limited attention in 
amorphous wires.10,11 The preliminary measurements of 
the field dependence of Young’s modulus (E-H) of 
current-annealed undrawn10 and furnace-annealed cold- 
drawn11 iron-based amorphous wires indicate that such 
measurements provide a useful probe of moment angles in 
such wires. In view of the difficulty of inferring bulk do­
main structures from the observation of surface domains, 
such indirect methods provide a valuable tool for elucidat­
ing details o f the domain structure.
This article presents a systematic study of the effect of 
furnace annealing upon the magnetic and magnetoelastic 
properties o f iron-based amorphous wire. The study re­
ports measurements o f the M-H  loops at dc and the field 
dependence of Young’s modulus and uses a phenomeno­
logical model to infer the predominant orientation o f the 
magnetic moments and anisotropy energy changes which
occur as annealing proceeds. An account of the onset and 
progression of crystallization, monitored by x-ray diffrac­
tion and scanning electron microscopy (SEM) analysis, is 
also presented.
II. MODEL
A model for calculating the magnetic field dependence 
of Young’s modulus in transversely field-annealed amor­
phous ribbons was given by Livingston.12 In this model the 
domain structure in zero field consists of rectangular stripe 
domains transverse to the ribbon axis, adjacent domains 
being magnetized in opposite directions. In this model the 
moments are thus at an initial angle of 90* to the axis, and 
magnetization proceeds by means of pure moment rota­
tion. The corresponding field-dependent modulus E  is 
given by the expression
E  1
Es=  l + M l E t f / t i o M t f  (1)
where A, is the saturation magnetostriction, /xq is the per­
meability of free space, Es is the Young’s modulus at sat­
uration, and M s is the saturation magnetization. Ha is the 
anisotropy field, given by where K  is the uniaxial
anisotropy constant. Equation (1) applies for 0 
above Hg, E = E r  The curve given by Eq. (1) is shown in 
Fig. 1, labeled as 0=90*. The maximum change in E  oc­
curs at H=Hg,  and is determined by the parameter 0, 
given by
The Livingston model has been generalized by Squire13 
to treat arbitrary angles 6  between the easy axis and the 
ribbon axis. Sample curves of E  against H  are shown in 
Fig. 1. For a full description of the assumptions and the
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F I G .  1. T h e  fie ld  d e p e n d e n c e  o f  Y o u n g 's  m o d u lu s  c a lc u la te d  fro m  S q u ire  
( R e f .  1 3 ) .  T h e  fie ld  is n o r m a liz e d  to  th e  a n is o tr o p y  fie ld  H ,= 2 K /\ i ^ 4 v 
a n d  th e  Y o u n g 's  m o d u lu s  to  its  sa tu r a tio n  v a lu e  E r
derivation of this model the reader is referred to the orig­
inal article. The results of the model are consistent with the 
expression
£ o 1
1 +  (9 /2 ) U,2£ /£ ) s in 2 e  cos2 0 )’
where £ 0 is the modulus at zero field.
The particular features of these curves that are impor­
tant for interpreting the results reported in this article are 
the following: (a) the value of the modulus ratio at H = 0, 
denoted by E (/E r  equals 1 only in the special case where 
all moments are initially at right angles to the field axis; 
this state can be closely achieved in ribbons by transverse 
field annealing, (b) For easy axis angles between 90* and 
45*, Eq/Es decreases monotonically. (c) For angles greater 
than 45* the modulus at first decreases with increasing H, 
reaching a minimum value denoted by Emm/E r For angles 
between 0* and 45’ there is no decrease in modulus, so 
Emin/E S=E</Er  (d) The value of Emm/E s is determined 
predominantly by the ratio (3 defined by Eq. (2). Since X s 
and Es may be assumed to be approximately constant dur­
ing annealing, the changes in £ mjn/ £ ,  are primarily related 
to changes in the anisotropy constant K : the lower the 
value of K, the lower the value of £ min/ £ r  (e) For easy- 
axis directions that vary throughout the sample the mod­
ulus changes can be calculated as the weighted average of 
the modulus over the range of angles. In particular, any 
easy axes at angles intermediate between 0* and 90* to the 
axis will result in a value of E (/E s less than 1, and any easy 
axes at angles greater than 45* to the axis will cause an 
initial drop in modulus with applied field, so that £ mjn/ £ ,  
<Eo/Er
The model was derived for field-annealed ribbons; 
however, these qualitative features of the model are insen­
sitive to the exact geometry of a sample. The main differ­
ence between field-annealed ribbons and wires is that the 
wires have a more complicated domain geometry. For in­
stance, in the as-cast wires it is suggested that there is an
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axially magnetized core occupying typically half the total 
volume. Such a region cannot contribute to the AE  effect 
because there is no moment rotation in response to an 
applied axial field. As a consequence the AE  effect arising 
from moment rotation in the outer shell will be reduced, 
the wire behaving as a composite mechanical system hav­
ing different elastic moduli in the two regions.
III. EXPERIMENTAL PROCEDURE
Amorphous wires of composition Fe77 5Si7 5B15, with a 
nominal diameter of 125 pm  supplied by the Unitika Cor­
poration were studied. The Curie point and crystallization 
temperature were determined using a DuPont 910 differ­
ential scanning calorimeter (DSC) with an indium stan­
dard and a heating rate of 5 *C/min. The Curie point and 
the onset of crystallization were observed to occur at 
424 *C and 523 *C, respectively in the as-cast state. The 
annealing temperatures investigated were chosen to be 
above the Curie point, thus avoiding the effects of ferro­
magnetic order and the Earth’s magnetic field, and below 
the temperature of immediate crystallization. Samples of 
10 cm length were annealed in air with no applied field in 
a noninductively wound furnace. Furnace annealing is 
preferable to current annealing because the precise temper­
ature and the uniformity of heating are difficult to control 
with the latter. In addition, the magnetic field associated 
with the annealing current can influence the magnetic an­
isotropy of amorphous wires.3 The effect of the time and 
temperature of annealing on the magnetic and magneto­
elastic properties was systematically studied using anneal­
ing temperatures of 450 *C, 460 *C, 470 *C, and 480 *C with 
annealing times ranging from 1 up to 960 min. On removal 
from the furnace the samples were cooled rapidly, reaching 
100 *C in a few seconds. In addition to the samples heated 
in air, two samples were sealed in tubes under moderate 
vacuum, 10“ 1 mBar, and annealed at 470 *C for 8 and 35 
min, respectively, in order to investigate the effect of the 
annealing atmosphere.
M -H  measurements were undertaken using the dc sys­
tem described by Squire el al. 14 Values for the anisotropy 
constant, K, were estimated from M -H  loops obtained with 
a maximum field of 3800 A /m  which is unlikely to com­
pletely saturate some of the wires. Estimates of K  were 
determined from the area between the M -H  loop and the 
magnetization axis. The field dependence of Young’s mod­
ulus was measured using a vibrating reed system13 modi­
fied such that the sample is mechanically excited and the 
oscillation is detected optically with a laser-diode system. 
The third vibration mode was investigated with a free 
length for the samples of between 25 and 33 mm, giving 
resonant frequencies at saturation between 1.2 and 2.2 
kHz. X-ray diffraction analysis was carried out using a 
powder camera with a CoKa source. A scanning electron 
microscope was used with an accelerating voltage of 20 kV 
to study the surface topography of the wires.
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F I G . 2 . M -H  lo o p s  for  s a m p le s  a n n ea led  a t 4 5 0 *C fo r  1 m in  ( a ) ,  4  m in  
( b ) ,  10  m in  ( c ) ,  a n d  2 0  m in  ( d ) .  F o r  d isp la y  p u r p o se s  o n ly  th e  lo o p s  fo r  
1 m in , 1 0  m in ,  a n d  2 0  m in  a re  o ffse t by — 5 0 , 5 0 , a n d  1 0 0  A / m ,  r e s p e c ­
t iv e ly .  B J  in d ic a te s  th e  p o s it io n  o f  th e  B a rk h a u sen  ju m p .
IV. RESULTS
T h e  M-H b eh avior o f  se lected  sam p les an n ea led  at 
4 5 0  *C for various tim es are sh ow n  in  F ig . 2 , in  w h ich  
a tten tio n  is  draw n to  th e ch an g in g  s ize  o f  th e B ark h au sen  
ju m p  (B J )  w ith  increasin g  tim e. T h e  relative  flux sw in g  
tak in g  p lace  d u rin g  th e B ark hausen ju m p  d ecreases  for  
sh o rt an n ea lin g  tim es from  that in th e  as-cast sta te , th en  
in creases  b efore  decreasin g  to  zero  for progressively  lon ger  
a n n ea lin g  tim es. A  s im ilar  trend is  observed  for th e  h igh er  
an n ea lin g  tem p eratu res but it is sh ifted  to  sh orter  tim es  
w ith  in creasin g  tem perature. F igure 3 illu stra tes th e  tim e  
d e p en d en ce  o f  th e  an iso trop y  co n sta n t w ith  data  for sa m ­
p les  a n n ea led  at 4 5 0  *C and 4 7 0  *C. T h e  a n iso trop y  en ergy  
fa lls  s teep ly  from  th e  as-cast va lu e  o n  first ann ea lin g , th en  
w ith  in creased  an n ea lin g  tim e th e  a n iso trop y  fa lls  fu rther  
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F I G . 3 . T h e  c h a n g e  o f  th e  a n is o tr o p y  c o n s ta n t  w ith  a n n e a lin g  t im e  fo r  
a n n e a lin g  a t 4 5 0  *C a n d  4 7 0  ’C . T h e  s tr a ig h t  l in e s  a re  s h o w n  fo r  g u id a n c e  
o n ly .
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F igure 4 sh o w s tw o  ex a m p les  o f  th e  E-H behavior o f  
ann ealed  w ires. It is apparent from  F ig . 4 ( b )  that the m ag­
n itu d e  o f  th e AE effect can  be a sy m m etr ic  about H=0. T h e  
low er o f  the tw o  m in im a o ccu rs  at p ositive  H w hen the  
field is reduced from  p o sitiv e  sa tu ration  and v ice  versa  
from  negative saturation . F or  su ch  sam p les Emtn/Es is 
taken as th e low est o f  th e tw o  m in im a . A s described  ear­
lier, th e  values o f  Eq/Es and Emi„/Es g ive  an ind ication  o f  
th e  m om en t angle , 6, and th e  a n iso tro p y  energy d en sity , K, 
resp ectively . F igure 5 sh o w s th e  effect o f  ann ealing  upon  Eq/E, and Emi„/Es for th e  fou r tem p eratu res investigated . 
P rogressive  an n ealin g  fo llo w s  a sim ilar  trend for each o f  
th e  four tem peratures, ex cep t for so m e  differences in th e  
m agn itu d e  o f  Eq/E, and Emin/Er T h e  va lu e  o f  both  param ­
eters fa lls from  th e as-cast va lu es for sh ort ann ealing  tim es, 
th en  both  increase for s lig h tly  lo n g er  an n ea lin g  tim es b e­
fore fa lling  again o n  fu rther an n ea lin g . F or  even  longer  
an n ea lin g  tim es Eq/Es in creases  w h ile  Emin/Es rem ains low  
and finally  for m u ch  lon ger  a n n ea lin g  tim es both  Eq/Es 
and Emi„/Es in crease  tow ard s u n ity . T h e  add itional data  
p o in ts  on  F ig. 5 ( c )  w ere ob ta in ed  from  sam p les annealed  
in evacu ated  tubes. T h e  Eq/E, an d  Emln/Es va lu es for th ese  
sam p les  are c lo se  en ou gh  to  th o se  ob ta in ed  from  th e  eq u iv ­
a len t sam ples th at w ere h ea ted  in  air to  in d ica te  that th e  
an n ealin g  a tm osp h ere  is n o t a m ajor d eterm in in g  factor for  
th e  observed effects.
T h e x-ray d iffraction  s tu d y  o f  th e w ires annealed  at 
4 8 0  *C reveals th e first p resen ce  o f  an  a -iro n  peak (26 
=  53*) after an n ealin g  for o n ly  4  m in; th is  peak becom es  
progressively  larger for th e  lo n g er  an n ea lin g  tim es. F igure  
6 sh o w s SE M  m icrograp h s o f  th e  w ire  surface in the as- 
cast s ta te  and after  an n ea lin g  a t 4 7 0  *C for 8, 35 , and 100  
m in . T h e  as-cast w ire is fea tu re less  as exp ected  for an  
am orp h ou s m ateria l. A fter  a n n ea lin g  for o n ly  8 m in sub­
m icron  s ize  c rysta llite s  are app arent. A n a ly s is  o f  the w ire  
ann ealed  for 35 m in  revea ls  a m ore  h ig h ly  crysta llized  su r­
face and several c ircu lar  fea tu res o f  d iam eter  ~ 4  ^ m , after  
100 m in  th e surface is h ig h ly  cry sta llized , w ith  m any large  
irregu lar featu res apparent. S E M  a n a lysis  o f  w ires a n ­
nea led  at th e sam e tem p eratu re  and  for th e  sam e tim es, but 
sea led  and evacu ated , a lso  sh o w ed  th e  presen ce  o f  su b m i­
cron  crysta llites  after an n ea lin g  for 8 m in  and increased  
cry sta lliza tio n  for th e  lo n g er  tim es. H o w ev er , n o  large fea­
tu res w ere observed  for th e  sa m p les  an n ealed  for 35 and  
100 m in .
V. DISCUSSION
T h e  d om ain  stru ctu re o f  th e  a s-ca st iron-based  w ire  
arises from  a co m b in a tio n  o f  a lo w  ax ia l d em agn etiz in g  
field and th e  m a g n eto str ic tio n  w h ich  co u p le s  w ith  th e  ra­
d ia l castin g  stress. T h e  la tter  p ro d u ces  a radial easy  ax is  
w ith  an an iso trop y  co n sta n t K o f  th e ord er  o f  2 0 0 0 -4 0 0 0  
J m - 3 . 16 T h e  effect o f  p rogress ive  a n n ea lin g  on  th e a n iso t­
rop y  is sh ow n  in  F ig . 2 and  m ay  be exp la in ed  in  term s o f  
th e  c o m p etit io n  b etw een  stress r e lie f an d  crysta lliza tion , 
th e  form er red u cin g  th e  a n iso tro p y  and  th e latter increas­
in g  it. W ith  p rogressive  a n n ea lin g  th e  an isotrop y  energy  
d en sity  fa lls rap id ly  to  1 0 0 -2 0 0  J m - 3  th en  fa lls s ligh tly  
fu rther to  less  th an  100 J m - 3  w h ic h  is  o f  th e sam e order
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F I G . 4 .  T w o  e x a m p le s  o f  th e  E-H  b e h a v io r  o f  a  w ir e  a n n ea led  at 4 5 0 ’C  fo r  2 0  m in  ( a )  a n d  ( b ) ,  a n d  at 4 6 0 ’C  for 3 1 5  m in  ( c )  a n d  ( d ) .
as th e  an iso tro p y  con stan t in ribbons o f  s im ilar  c o m p o si­
t io n  rep orted  by N ie lsen  et al.1 T h is  is c o n s isten t w ith  
s tress  r e lie f  resu ltin g  from  th e th erm ally  activa ted  stru c­
tu ra l ch a n g e s  fo llo w in g  th e recogn ized  form  o f  th e prop­
erty  ch a n g e  on  ann ealing  o f  a m o rp h o u s a l lo y s .18 F or  
lo n g er  a n n ea lin g  tim es K increases as c ry sta lliza tio n  b e­
c o m e s  im p ortan t. T h e  on set o f  cry sta lliza tio n  can n ot be 
c lea r ly  defin ed  from  th e an iso trop y  d a ta  s in ce  th is  m ay  
rep resen t th e  com b in ed  effects o f  s tress r e lie f  and cry sta l­
liz a tio n  a t in term ed iate  an n ealin g  tim es.
T h e  M-H lo o p  o f  th e as-cast w ire  ch aracter istica lly  
c o n ta in s  a large B ark hausen ju m p  w h ich  is  respon sib le  for  
ab ou t h a lf  o f  th e  tota l m a g n etiza tio n  ch an ge . T h e  
B ark h au sen  ju m p  arises from  th e  a x ia lly  m agn etized  core  
an d  is  sen sit iv e  to  th e m agn eto str ic tio n  co u p led  w ith  th e  
in tern a l s tr e s s .19 A s  a con seq u en ce  b o th  th e  n u clea tin g  field  
an d  th e  fraction a l m agn itu d e  o f  th e  B ark h au sen  ju m p, w ith  
resp ect to  th e  to ta l m a g n etiza tion , are a ffected  by the re­
d u ctio n  o f  th e  castin g  stress d u e  to  an n ea lin g . F igu re  7 
s h o w s  th e  effect o f  th e an n ea lin g  tim e  o n  th e  rela tive  m a g ­
n itu d e  o f  th e  B ark hausen ju m p  for sa m p les  ann ealed  at 
4 5 0  *C. T h e  fractiona l m agn itu d e  o f  th e  B ark hausen  ju m p  
d ecrea ses  from  th e  a s-cast va lu e  o f  ap p ro x im a te ly  0 .5  to  
a b ou t 0 .2 6  after an n ealin g  for 1 to  8 m in; after  an n ealin g
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for 10 m in  th e  m a g n itu d e  o f  the B ark hausen  ju m p  in ­
creases to  0 .3 5 ; th en  w ith  further an n ea lin g  aga in  red uces, 
an d  is lo st after  a n n ea lin g  for 30  m in at 4 5 0  *C. T h is  be­
h av ior  is a lso  o b served  for th e  o th er  an n ea lin g  tem p era­
tu res b u t th e  tren d  is sh ifted  to  shorter a n n ea lin g  tim es for  
th e  h ig h er  tem p eratu res  as expected .
T h e  m ea su rem en t o f  th e  field d ep en d en ce  o f  Y o u n g ’s 
m o d u lu s  is n o t a ffected  to  th e first order by th e  p resen ce  o f  
large B a rk h a u sen  ju m p s. O n  th e b asis o f  th e m o d el d e ­
scribed , th e  v a lu es  E0/Es an d  EmxJEi can  be used  as in d i­
ca tors  o f  th e  m o m en t an gle  and an iso trop y , resp ective ly . 
T h ese  v a lu es  m easu red  for th e as-cast w ire  are Eq/Es= 0 .9 5  
and £ min/ £ J= 0 .9 1 .  U sin g  Eqs. ( 2 )  and ( 3 )  w ith  
* = 2 0 0 0 - ^ 0 0 0  J m - \  E = 162 G N  m " 2, A ,=  3 5 X  1 0 " 6,20 
an d  se ttin g  F= 4 .5  app rop riate  to  an  in itia l m o m en t an gle  
o f  0 = 9 0 ° ,  Emi„/Es is  ca lcu la ted  to  be 0 .6 9 -0 .8 1 ,  w h ic h  is 
c learly  n o t in  ag reem en t w ith  th e exp erim en ta l va lu e . T h e  
d iscrep a n cy  b etw een  th e  experim enta l and ca lcu la ted  va l­
u es can  be ex p la in ed  by con sid erin g  th e  d om ain  stru ctu re  
o f  th e  a s -ca st w ire. T h e  m od el used to  ca lcu la te  th e e x ­
p ected  v a lu e  o f  Emin/Es a ssum es that a ll o f  th e  m o m en ts  
are o r ien ted  at th e  sa m e an gle  6. H o w ev er , in th e  as-cast 
w ire  ab o u t h a lf  o f  th e  m o m en ts  reside in  an a x ia lly  orien ted  
core  d o m a in , w h ic h  h as  n o  AE effect, and  th e o th er  h a lf are
Atkinson et al. 3414
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F I G . 5 . T h e  e ffec t o f  th e  a n n e a lin g  t im e  o n  E ^ /E ,  a n d  E mtn/E ,  a n n e a le d  a t te m p e r a tu r e s  o f  ( a )  4 5 0  *C, ( b )  4 6 0  ‘C , ( c )  4 7 0  'C , a n d  ( d )  4 8 0  * C  T h e  l in e s  
a re  l in e a r  in te r p o la t io n s  b e tw e e n  th e  d a ta  p o in ts . T h e  a d d it io n a l  d a ta  a t  4 7 0  *C w e r e  o b ta in e d  fro m  s a m p le s  a n n ea led  in  ev a c u a te d  c o n d it io n s .
rad ia lly  or ien ted  in th e  sh ea th . T h e  m easu red  v a lu e  o f  Emin/Es th en  rep resen ts th e co m p o u n d  resp on se  o f  th e  tw o  
reg io n s, an d  is th erefore sm aller  th an  p red icted  from  th e  
m o d el. T h is  h ig h lig h ts  th e  p rob lem  o f  q u a n tita tiv e ly  d e ­
scr ib in g  th e  E-H b eh avior  o f  co m p le x  d o m a in  stru ctu res.
B y  co m p a r iso n  w ith  th e m o d e l13 th e  ex p erim en ta lly  
d e term in ed  va lu e  for Eq/Es in th e  a s-cast w ire in d ica tes  an  
a vera g e  m o m en t an g le  s lig h tly  le ss  th an  90* to  th e  w ire  
a x is . I f  th e  A E  effect is a ttrib uted  to  m o m en t ro ta tion  in  
th e  sh ea th  a lon e , th en  th is  su g g ests  th at th e  easy  a x is  is  n o t  
p u re ly  radial. Ind eed , it has been  rep orted  from  d o m a in  
o b serv a tio n s  th a t th e easy  a x is  varies a lo n g  th e  w ire  
le n g th .3 A lter n a tiv e ly , i f  th e  m a g n etiza tio n  o f  th e  co re  h as  
an  o ff-ax is  co m p o n en t, a s h as b een  su g g e sted ,21 th en  th is  
m a y  co n tr ib u te  to  th e  ob served  AE respon se. A  c o m b in a ­
t io n  o f  b o th  exp lan ation s is a lso  p lau sib le .
T h e  m easu rem en t o f  AE o f  th e  an n ea led  w ires p ro v id es  
a  sen sit iv e  p rob e o f  th e c h a n g es  o f  th e  a n iso tro p y  and a v ­
erage  m o m en t angle; see  F ig . 5. T h e  d ecrease  o f  Emin/Es 
fro m  th e  a s-ca st va lu e  after a n n ea lin g  for 1 m in  is  c o n s is ­
ten t w ith  th e  an iso trop y  d ata , F ig . 2 , w h ic h  in d ica tes  a 
red u ctio n  o f  th e  ca stin g  stress. T h e  a sso c ia ted  d ecrease  o f  Eq/Es in d ica tes  th at th e  average  m o m en t a n g le  is a lso  c o n ­
sid erab ly  red uced . W ith  further ann ealing, both  £ < / £ ,  and  Emin/Es in crease. T h is  increase occu rs at shorter an n ealin g  
tim es  for th e  h igh er  tem p eratu res in accord an ce w ith  th e  
k in etics. H o w ev er , th e  an isotrop y  con stan t rem ains low  for  
th ese  a n n ea lin g  tim es, su ggestin g  that th e increase o f  Emin/ Es is  th e  resu lt o f  ch an ges  o f  th e dom ain  structure su ch  
th a t few er  o f  th e  m o m en ts  n ow  contribu te to  the AE effect. 
T h e  a sso c ia ted  in crease  o f  Eq/Es ind icates that th e rem ain ­
in g  m o m en ts  th at d o  contribu te  to  th e AE effect are a t a 
larger ang le . T h e  m agn itu d e o f  th e B arkhausen ju m p  
ch a n g es  in  a s im ila r  w a y  to  th e  in itia l fa ll and rise o f  Eq/Es 
an d  £ min/ £ ’I, w h ich  m ay  in d icate  a decrease th en  an  in ­
crease  in th e  ax ia l co m p o n en t o f  th e  m agn etization .
F o r  lo n g er  a n n ea lin g  tim es both  Eq/E, and Emin/Es fall 
again  w ith o u t a sign ifican t ch an ge  o f  th e  an isotropy. W ith  
co n tin u e d  a n n ea lin g  Eq/Es and Emin/Es d iverge as Eq/Es 
in creases  an d  Emin/Es rem ains low . T h is d ivergen ce occu rs  
at ab ou t 6 0  m in  at 4 5 0  *C, 30  m in  at 4 6 0  *C, 8 m in  at 
4 7 0  *C, an d  4  m in  at 4 8 0  *C, and is con sisten t w ith  th e  
o n se t o f  su rface crysta lliza tion . Surface crysta lliza tion  in ­
d u ce s  a radial co m p ressiv e  stress w h ich  cou p les  w ith  th e  
m a g n eto str ic tio n  and ten d s to  drive th e m om en ts perp en ­
d icu la r  to  th e  stress d irec tio n .22 In the case  o f  th e w ire th is
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F I G . 6 . S E M  m ic r o g r a p h s  o f  a s-c a s t  w ire  ( a )  a n d  w ir e  a n n e a le d  in a ir  at 
4 7 0 *C for 8 m in  ( b ) ,  35  m in  ( c ) .  a n d  1 00  m in  ( d ) .





F I G . 7 . T h e  e ffe c t  o f  in c re a se d  a n n e a lin g  t im e  o n  th e  m a g n itu d e  o f  th e  
B a rk h a u sen  ju m p  a s  a  fr a c t io n  o f  th e  to ta l m a g n e t iz a t io n  c h a n g e  a t an  
a n n ea lin g  te m p e r a tu r e  o f  4 5 0  "C. T h e  l in e s  a re  l in e a r  in te r p o la t io n s  b e­
tw e e n  th e  d a ta  p o in ts .
cou ld  p o ten tia lly  be in  e ith er  th e  a x ia l o r  c ircu m feren tia l 
d irection , b u t th e  in creasin g  va lu e  o f  Eq/Es and th e  low  
value o f  Em,„/E' in d ica tes  th a t m o m en ts  m o v e  to w a rd s  th e  
c ircu m feren tia l or ien ta tio n  as sh o w n  in  F ig . 8. T h e  va lu es  
o f  Emtn/E' an d  th e  an iso tro p y  co n sta n t, K, in crease  from  
their lo w e st v a lu es  for th e  su rface cry sta llized  w ires b u t are 
still co n sid era b ly  sm aller  than th o se  for b u lk  cry sta llized  
m aterial. T h e  x -ray an d  S E M  a n a ly sis  are c o n s is te n t w ith  
th e su p p o s itio n  o f  su rface  cry sta lliza tio n . T h e  x -ray  a n a l­
ysis  revea ls  an  a -ir o n  cry sta lliza tio n  peak a fter  an n ea lin g  
for 4  m in  at 4 8 0  *C and  th e  S E M  an a lysis  s h o w  su b m icro n  
crysta llites  o n  th e  su rface  o f  a w ire a n n ea led  for 8 m in  at 
4 7 0  *C. T h e  su rface  cry sta llite s  o n  th e  w ire  are p articu la te , 
see  F ig . 6 ( b ) ,  in  co n tra st to  th e  d en d ritic  fo rm  o b serv ed  on  
surface c ry s ta llize d  ribbon  o f  s im ilar  c o m p o s it io n  by  




C o m p r e s s iv e  S t r e s s  
F I G . 8. S u g g e s te d  d o m a in  str u c tu r e  fo r  s u r fa ce  c r y s ta l l iz e d  w ire .
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su p p o rted  from  a c id  e tc h in g  experim ents. W hen the su r­
fa ce  o f  th e  w ire is rem o v ed , th e E-H respon se changes. T h e  
v a lu e  o f  Eq/Es b e co m es  m u ch  low er after e tch in g , in d ica t­
in g  a red u ctio n  o f  th e  average  m om en t an g le  w ith  respect 
to  th e  w ire  a x is  d irec tio n .
In ord er  to  o b ta in  th e m axim um  m agn etoelastic  re­
sp o n se  th e m o m en ts  m u st be in itia lly  oriented  p erp en d ic­
u lar  to  th e  field  d irec tio n . T h is  corresp on d s to a value o f  Eq/Es= 1 .0 .12 In  a m o rp h o u s  ribbons th is has been ach ieved  
by tran sverse-fie ld  a n n ea lin g 23 and by surface c ry sta lliza ­
t io n .8 T ran sverse-fie ld  an n ea lin g  o f  am orp h ou s w ire6 has  
su c ceed ed  in  im p ro v in g  th e  m agn etoelastic  respon se from  
th a t  o f  th e  a s -ca st s ta te , b u t th e  value o f  Eq/Es=0 .7 9  c a l­
cu la ted  from  th e  m a g n eto e la stic  co u p lin g  factor in d icates  
th a t th e m o m en ts  are n o t co m p le te ly  perpendicu lar to  th e  
w ire  a x is  a t H=0 . S u rface  crysta lliza tion  o f  am orp h ou s  
w ire  lead s to  a s im ila r  in crease  o f  th e m agn etoelastic  effect 
w ith  th e  m a x im u m  v a lu e  o f  Eq/Es=0 .9 4 , in d icatin g  a m o ­
m e n t o r ien ta tio n  s lig h tly  c lo ser  to  90* than that observed  
fo r  th e  tran sverse-fie ld  a n n ea led  wire.
A n n e a lin g  for m u ch  lon ger  tim es drives both  Eq/E, 
a n d  Emin/Es to w a rd s  u n ity  a s th e bulk m aterial c rysta llizes  
w h ic h  lea d s to  very  large  an iso trop y  and con seq u en tia lly  
red u ces  th e  AE effect to  zero .
VI. CONCLUSIONS
T h e  m a g n et ic  an d  m a g n eto ela stic  properties o f  as-cast  
an d  fu rn ace  an n ea led  iron-b ased  am orp h ou s w ire h ave  
b een  in v estig a ted . T h e  m easu rem en ts o f  th e field d ep en ­
d e n c e  o f  Y o u n g ’s m o d u lu s  has been sh ow n  to  be a usefu l 
to o l for  in v estig a tin g  th e  m agn etic  structure in th e w ire. 
M a g n e to e la st ic  e ffects  in  th e  as-cast w ire can n ot be so le ly  
attrib u ted  to  rad ia lly  or ien ted  m om en ts in th e sh eath  re­
g io n  o f  th e  d o m a in  stru ctu re . F u rn ace ann ealing  for sh ort  
tim es  lea d s to  r e lie f  o f  th e  castin g  stress and a corresp on d ­
in g  in crea se  o f  th e  a x ia l co m p o n en t o f  th e m agn etization . 
F o r  s lig h tly  lo n g er  tim es  Eq/Es and E-../E. increase as  
d o e s  th e m a g n itu d e  o f  th e  B ark hausen  ju m p  relative to  th e  
to ta l m a g n et iza t io n , su g g estin g  a rearrangem ent o f  th e d o ­
m a in  stru ctu re . F o r  ev en  lon ger  ann ealing  tim es surface  
cry s ta ll iza t io n  o ccu rs , w h ic h  leads to  a circu m feren tia l m o ­
m e n t co n fig u ra tio n  w h en  H=0. F or th e  lon gest tim es in ­
v est ig a ted  th e  b u lk  m ater ia l crysta llizes  and th e m a g n eto ­
e la s t ic  p ro p ertie s  b e co m e  m u ch  sm aller  as the an iso trop y  
in creases.
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Pulse Annealing of FeSiB Amorphous Wires
S. A ta lay , P .T . Squire and M .R J . G ibbs  
School o f  Physics, University o f Bath, Bath B A2 7AY, UK
Abstract The magnetic field dependence of 
magnetization and Young's modulus o f pulse-annealed 
Fe77^ Si7JB,j are reported. Coerdvity and anisotropy 
energy density were measured as a function of annealing 
current and the tensile stress applied during annealing. It 
is shown that pulse annealing can remove the internal 
stresses more effectively than furnace annealing. 
Coercivlty and anisotropy energy density fall by a few 
percent for annealing currents up to 1 A. Currents 
between 1 A and 1.5 A reduce both quantities by nearly 
an order o f magnitude. Higher annealing currents result 
in sharp Increases in the parameters , as crystallization 
begins.
I .  I n t r o d u c t i o n
It is  w e ll k n ow n  that ann ealing o f  am orph ous a llo y s  can  
rem o v e  th e internal stresses  w hich  are in d u ced  during the 
so lid if ica tio n  process. In previous w ork w e  have reported the 
reduction  o f  the internal stresses in F e 77_5S i7 iB ,5 w ires by  
current [1 ] and furnace [2] ann ealing . Interpretation o f  
e la st ic  m o d u li data sh o w ed  that neither treatm ent co m p le te ly  
rem oved  the internal stresses b efore  the on se t o f  
crysta llization .
In con trast to  furnace and stead y  current an n ea lin g , it has 
b een  sh o w n  that p u lsed  current ann ea ling , a ch iev ed  by  
p assin g  a  d irect current through the sam p le  for a  short tim e, 
can a lm o st c o m p le te ly  rem ove the internal stresses in 
C o-b ased  am orphous ribbons [3] O n e o f  the advan tages o f  
such  a  treatm ent is  that it can a ch ie v e  very  h igh  heatin g and  
co o lin g  rates. T h is a llo w s  the am orphous ph ase to be 
retained at tem peratures un availab le  in con ven tion a l 
treatm ents. In this paper w e  report a study o f  the reduction  
o f  the internal stresses in F e-b ased  am orphous w ires by  
p u lsed  current ann ealing. T h e e ffe c t  o f  a  ten sile  stress  
a p p lied  during the an n ea lin g  is  a lso  stud ied  b eca u se  this can  
s ig n ifica n tly  m o d ify  the ind uced anisotropy.
W e h a v e  sh ow n  [1 ,2 ] that m easu rem en ts o f  Y oung's  
m od u lu s a s  a  fu nction  o f  app lied  fie ld  can  b e  used  to test 
various featu res o f  the dom ain  structure in am orph ous w ires, 
that are n o t a cce ss ib le  to  direct study . It is  sh o w n  in  [4] that 
for f ie ld  an n ealed  am orphous ribbons
Es 1+{X2sEsF(6,H,o)/K)
w h ere E s is  the saturation m od u lu s, Xg is  th e saturation  
m agn etostr ic tion , K is  the an isotropy constant (proportional
M anuscript rec e iv e d  February 15, 1 993.
to the anisotropy energy  d en sity  E K) ,  6  is the e a sy  ax is  
orientation to the a x is  o f  th e app lied  f ie ld  H  and stress o .  F  
is  a function w h o se  va lu e  varies b e tw een  zero  and 9 /2 . T he  
general features o f  the m o d el are ind ep en dent o f  sam ple  
geom etry and the d eta iled  d om ain  structure; therefore the 
m od el can be used  to interpret resu lts for am orphous w ires..
T he norm alised  m od u lu s ratio E /Eg is  sh o w n  in F ig . 1 for  
selected  values o f  6 . O f  particular s ig n ifica n ce  are the 
values o f  the ratio at H = 0  and the m in im u m , E ^ /E g .  T h ese  
are determ ined m ain ly  b y  6  and the d im en sio n le ss  ratio
P = . (2 )
E quations (1 ) and (2 ) , togeth er w ith  m easurem ents o f  
coerciv ity  and anisotropy en ergy , provide the basis for 
d iscussin g  the e ffe c ts  o f  ann ealing.
II. Experimental D etails
F e ^ S i ^ B ^  w ires w ith a d iam eter o f  125p m  w ere supplied  
by the U nitika C orporation. F lash  ann ealing  w as perform ed  
as fo llow s: A n am orphous w ire 1 0 .6  cm  lon g  w as c lam ped at 
each end. A  direct current p u lse  w as passed  through the 
sam ple. T he current w as ca lcu la ted  from  the vo ltage  pu lse  
m easured across a  n on in d u ctive, zero-tem perature- 
co effic ien t resistor in ser ies w ith  the sam p le . A nnealin g w as  
d on e at currents ranging from  0  to ab ou t 1.5 A , and w ith  
various ten sile  stresses app lied . T h e  p u lse  w idth w as kept 
constant at 100  m s. Further d eta ils  are g iven  in [5]. N o  
reliable m eth od  w as ava ilab le  for determ ining the 
temperature, so  the p u lse  current has been  used  to sp ec ify  the 






F ig. 1. M odulus ratios pred icted  b y  (1 ), (2 ) for  various ea sy  a xis  a n g les  0. 
T h e v alue o f  f) is  typ ical o f  a w ell an n ealed  F e-b a sed  am orphous m aterial.
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F ig . 2. M (H ) loo p s o f  w ires p u lse-a n n ea led  under 3 6 7  M P a ten sile  stress
T he m agn etic  fie ld  depend en ce o f  Y oung's m od u lu s, E (H ), 
w as m easured by the vibrating reed m eth od. T h e third m od e  
w as ex c ited , and the sam p les had a free len g th  o f  2 .5  cm , 
resulting in resonant freq u en cies in the range 1 .5 -2 .5  kH z. 
T he M (H ) lo o p s  w ere obtained using a d c  d ig ita l sy stem . T he  
coercivity w as m easured d irectly  from  the M (H ) loops, 
and the an isotropy energy  d en sity  w as e stim ated  from  the 
area b etw een  the lo o p s  and the M axis.
I I I .  R e s u l t s  a n d  D i s c u s s i o n
F ig . 2  sh o w s the d c  h ysteresis  loop s o f  the p u lse  annealed  
w ires at currents b etw een  0 .5  A  and 1 .36  A . F or th is range  
the L arge Barkhausen Jum p (L B J) characteristic o f  a s-cast 
w ires [6] is  ob served , the increase in the rem anence ratio  
M /M t to a lm ost o n e  ind icating the increase in co re  vo lu m e  
as the stress in the outer sh e ll is  reduced . (A t ann ealing  
currents greater than 1 .36  A  the LBJ disappeared, co n sisten t 
w ith  further reduction  o f  internal stress.)
F ig s. 3 and 4  sh o w  that H c  and rem ain a lm o st constant 
until the ann ealing  current reaches 1 A . B etw ee n  1 .0A  and  
1.5 A  both param eters drop sharply. A b o v e  1.5  A  both H e  
and E k increase sharply, ind icating that crysta lliza tion  has 
occurred. T h e app lication  o f  ten sile  stress during ann ealing  
affects 1 ^  m ore than E K. T h is  is  n o t a ltogeth er  surprising , 
sin ce  it has been  found that in am orphous ribbons is  a 
very sen sit iv e  ind icator o f  internal stress. For o = 3 6 7  M Pa  
the m in im um  w as o b served  in the w ire  an n ea led  a t a 
current o f  1 .36  A ; the va lu e  o f  0 .2  A /m  is  the lo w e st that 
has been reported for F e-b ased  am orphous w ires.
F ig . 5 sh o w s the m agn etic  fie ld  d ep en d en ce  o f  Y o u n g ’s 
m od ulus, norm alised  to the value E s at saturation , for w ire  
annealed w ith out tension . A s exp la in ed  in the Introduction, 
the ratio E ^ / E j  is determ ined m ain ly  by 0  and K . For w ires  
annealed b e lo w  1.15 A  th is ratio is a lm o st equal to  that for  
as-cast w ire. T h is can be understood by the con stan cy  o f  E K 
(F ig . 4 )  and therefore o f  K b elow  th is cu rren t It a lso  
ind icates that the e a sy  a x is  d istribution is  n o t s ig n ifica n tly  
changed. A b ove  1.15 A K starts to d ecrease, so  the ratio  
E m ^  increases; fin ally  K in creases again , as 













F ig . 3. C o erc iv ity  a s  a  fu n ction  o f  a n n ea lin g  current at zero  and 3 6 7  M Pa  
ten sile  stress.
towards un ity. T h e  m in im u m  ratio E ^ / E j  = 0 .4  , 
corresponding to the greatest m od ulus change, w as obtained  
for the w ire ann ealed  at 1 5 1  A . A lth ough  very low  
anisotropy en erg ies  w ere  obtained by  this m ethod o f  
annealing, the m od u lu s ch a n g es  w ere  found to be le ss  than 
those in fu rn ace-an nea led  w ires [1]. T h is su g g ests  that the 
easy  a x is  d istribu tion  fo llo w in g  p u lsed  current ann ealing  is 
less  favourable for a  large A E effecL  C om parison  o f  F ig s . 1 
and 5 in d icates that for the optim um  an n ealin g  current o f  
1.51 A  the e a sy  a x e s  are at c lo se  to  4 5 °  to the w ire a x is , 
w hereas for op tim u m  A E  e ffec t th ey sh ou ld  be near 9 0 °.
T he app lica tion  o f  ten sile  stress during ann ealing has a  
pronounced e ffe c t  on  the m od u lu s ratios (F ig . 6 ). U nder  
these con d ition s p lastic  flo w  co u ld  be induced . For currents 
b elow  1 .36  A  the perm anent a x ia l strain w as n o  m ore than
1.5% . For h igh er  currents th is increased  to a s m u ch  as 10% , 
w ith a corresp ondin g decrease  in diam eter o f  5% . T his  
deform ation in d u ces  a m ech an ica l an isotropy in  the easy  
a x is  direction , w h ich  tends to a lig n  the m agn etic  m om en ts  
along the w ire a x is . T here is thus the p o ssib ility  o f  an 
interplay betw een  op p o sin g  m ech an ism s for determ ining  
the easy  a x is  d irection s. T h e sen sitiv ity  o f  the resulting  
behaviour to an n ealin g  co n d itio n s  is  ev id en t in F ig . 6 . For  
an annealing current o f  0 .6 7  A  the fie ld  d ep en d en ce  o f  E /E s 
is  very lik e that o f  the low -current, zero-stress annealed  









0  0 5  1j0  1 5  2
I (A)
Fig. 4 . A n isotrop y  en erg y  d en sity  as a function  o f  annealing  current at 
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F ig. 5 . N o rm a lised  Y o u n g 's m o d u lu s as a  fun ction  o f  ap p lied  f ie ld  for  w ires  
an n ealed  at zero  stress.
sam ples is  c lo s e  to its  m in im um  value, and occu rs at low er
H. T his sh o w s  that the e a sy  ax is  d irection  has b een  p u lled  to 
near 4 5 °  . A t the s lig h tly  h igh er current o f  1 .3 6  A  there is  
hardly an y  A E  e f fe c t  a t a ll, in sp ite  o f  the low  anisotropy. 
T his can o n ly  be ex p la in ed  by assu m in g  that the e a sy  a x is  is 
very c lo se  to  th e w ire  a x is  (0 < 5 °) , con sisten t w ith  anisotropy  
dom inated by  the m ech an ica l com p on en t. A t the h igher  
current o f  1 .5 4  A  E ^ / E j  fa lls  again , sh o w in g  that 0  is  
betw een 4 5 °  and 9 0 °  . T h is can be attributed to the n ow  
stronger , com p etin g  e ffe c t  o f  crysta llization .
Such pronou nced  ch an ges  o f  an isotropy d irection  under the 
com bin ed  in flu en ces  o f  stress and current during the  
annealing p ro cess  sh o w  h ow  d elica te  m ay be the balance  
betw een the various com petin g  sources o f  anisotropy. T he  
e lastic  m od u lu s ratio is  a sen sit iv e  ind icator o f  th ese  
changes; taken in  con ju n ction  w ith  M (H ) cu rves  it can be 
used to d ed u ce  im portant inform ation abou t the anisotropy  
m agn itud e and d irection .
O ne o f  the m ain  m o tiv es  for th is  study w a s  to  inhibit 
crysta llization  b y  u sin g  a short, h igh  tem perature anneal. 
The e v id e n c e  from  X -ray  data supports the assertion , based  
here on  the m a g n etic  and m agn etoelastic  behaviour, that 
sign ifican t crysta lliza tion  d o es  not occu r b e lo w  an annealing  
current o f  1.51 A . C om parison  w ith the e ffe c t  o f  fu m ace  
annealing [2] con firm s the su c cess  o f  the p u lse  annealing  
m ethod.
T he resu lts reported h ere are se lec ted  from  a  m u ch  m ore  
ex ten s iv e  data set. In particular, the an n ealin g  current p u lse  
length and an n ea lin g  stress w ere varied. T h e va lu es ch osen  
for th is report rep resen t the b est results that w ere  obtained. 
H ow ever, the trends reported cou ld  be reproduced under 
different con d ition s, so  w e  b e lie v e  the m ain e ffec ts  to be  
reproducible.
IV . C o n c l u sio n s
Pulsed current an n ea lin g  is a co n v en ien t m eth od o f  
im proving the m agn etic  and m agn etoelastic  properties o f
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Fig. 6 . N orm alised  Y oung's m o d u lu s as a  function  o f  ap p lied  f ie ld  for  
w ires an n ealed  under 3 6 7  M P a o f  ten sile  stress.
am orphous w ires. It can rem ove m o st o f  the castin g  stress, 
and can red uce the anisotropy en ergy  by  an order o f  
m agnitude. T he sim u ltan eou s app lication  o f  ten sile  stress  
during annealing en ab les  the coerc iv ity  to b e  decreased  even  
m ore, resulting in a  va lu e  as lo w  as 0 .2  A /m . Its e ffe c t on  the 
elastic  m od ulus is  com plicated  by the com p etin g  e ffec ts  o f  
m echanica lly  in d u ced  anisotropy and crysta llization .
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High-Resolution AE Measurements of Fe-Si-B Amorphous Wire
D. Atkinson, P.T. Squire. M.RJ. Gibbs 
School of Physics, University of Bath, Bath BA2 7AY, UK
J. Yamasaki
Kyushu Institute of Technology, Tobata, Kitayushu 804, JAPAN
Abstract The field dependence of Young’s modulus, E(H), of as-cast 
Fe-based amorphous wire has been investigated using a new high 
resolution vibrating reed system. The E(H) data have been 
combined with dc M(H) loops and Kerr effect surface domain 
images to provide new information about the effect of the large 
Barkhausen Jump which characterizes the magnetization reversal 
in this material. At low-fields the modulus decreases via an abrupt 
small step which corrdates with the field at which the large 
Barkhausen jump occurs in the M(H) behaviour. It is suggested 
that the reversal of the magnetization in the core domain leads to 
a slight rearrangement of domains in the sheath region of the wires. 
This Is supported by the surface domain images and Indicates a 
small asymmetry in the remanence states.
II. EXPERIMENTAL DETAILS
Amorphous wire o f composition Fe77JSi7.jB1j with a nominal 
diameter of 125pm was supplied by the Unitika Corporation. 
As-cast wires cut to 100 mm in length were investigated.
The magnetic field dependence o f  Young’s modulus was 
obtained using a vibrating reed system [4] in which the resonant 
frequency of a cantilever is measured as a function o f the 
magnetic field. The second or third vibration mode was used for 
wires with free lengths o f about 25 mm. The Young’s modulus, 
E, is related to the square o f the resonant frequency, f„ o f the 
vibrational mode n, according to
I. INTRODUCTION
The magnetization reversal o f in-rotating-water cast Fe-based 
amorphous wire is characterized by the presence of a single large 
Barkhausen jump which accounts for about half of the total 
magnetization change. The presence of the large Barkhausen 
jump and the associated Matteucd effect make these wires 
attractive for applications such as non-contact sensors. The 
widely accepted domain structure o f the as-cast wire arises from 
a combination o f magnetoelastic and magnetos tatic anisotropies 
and consists o f  an axially magnetized core and a radially 
magnetized sheath which has closure domains [1]. In this model 
of the domain structure the large Barkhausen jump arises from 
the switching o f the magnetization in the axial core domain.
Recent work on the magnetic field dependence of Young’s 
modulus, E(H), in as-cast and annealed Fe-based amorphous 
wires [2 3 ] has shown that such measurements can provide 
information about the initial average magnetic moment angle 
and can hence be used to infer information about the bulk domain 
structure o f the amorphous wires. In general, the magnetoelastic 
response -of a material come from the rotation of magnetic 
moments. % In the as-cast Fe-based wire the magnetoelastic 
response is consistent with the core-sheath domain model and 
arises principally from the rotation of moments in the sheath 
from close to 90* to the wire axis towards the axial direction 
under the influence o f an applied field. In this study a new high 
resolution vibrating reed system has been used to measure the 
field dependence o f Young’s modulus, E(H), of as-cast Fe-based 
amorphous wire at both high and low magnetic fields. The E(H) 
data are combined with M(H) measurements and surface domain 
images to provide new information about the core switching 
process. This may be significant with respect to some device 
applications.
Manuscript received IS February, 1993. This work was funded by die U.K. 
Science and Engineering Research Council.
E=3p ( 1 )
where / and d are the reed length and thickness, a ,  is a mode 
parameter and p is the density [4].
In the present system the mechanical resonance is detected 
optically using a laser and a split photodiode arrangement The 
system provides a continuous trace o f resonant frequency against 
magnetic field. The high resolution isobtainedby using a lock-in 
amplifier which operates in a closed loop mode and by cycling 
the applied field slowly (0.1Hz). The details of the system will 
be presented elsewhere. M(H) measurements of the as-cast wire 
were carried out at dc using the system described by Squire et 
al. [5]. The surface domains were imaged using the 
magneto-optic Ken effect in which the domain contrast was 
digitally enhanced.
III. RESULTS AND DISCUSSION
Fig. 1 shows the field dependence o f  Young’s modulus for a 
complete higb-field cycle, obtained by digitizing the frequency 
against field data.
Fig. 2a shows the low-field variation o f the resonant frequency 
(proportional to the square root o f Young’s modulus) with 
magnetic field (of another sample). The low-field variation is 
characterized by the presence of sharp steps which occur at 
approximately ± 8  A/m. The field at which these rapid modulus 
changes occur is about the same as that at which the large 
Barkhausen jumps is observed (fig. 2b). The modulus falls 
rapidly at the step and then partially recovers, suggesting the 
existence of both transient and irreversible components in the 
modulus change.
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F ig . 1 T h e  f ie ld  d e p e n d e n c e  o f  Y o u n g 's  m o d u lu s  fo r  •  h igh  f ie ld  c y c le .  T h e  
in se t  b o x  in d ic a tes  th e  reg io n  stu d ied  w ith  h ig h  reso lu tion .
T h is  su g g e stio n  has b een  tested  by changing the response tim e  
o f  the A E m easurem en t. F ig .3  sh ow s the variation in the 
m agn itu d e o f  the total m od ulus step and the irreversible  
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F ig .2  T h e  f ie ld  d e p e n d e n c e  o f  (a )  the resonan t freq u en cy  o f  the w ire  and (b )  
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F ig .3  T h e  varia tion  o f  th e  s iz e  o f  th e  m o d u lu s  s te p  a s  a  fu n c tio n  o f  th e  lo c k -in  
am p lifier  tim e co n sta n t (p rop ortiona l to  th e  re sp o n se  t im e  o f  th e  m easu rem en t  
sy s tem ). T h e  in se t  f ig u re  s h o w s  a  s im p lif ie d  s k e tch  o f  th e  m o d u lu s  s te p  and  
th e  p o sitio n s  at w h ic h  th e  to ta l an d  th e  irrev ersib le  s te p s  are m easu red .
m easurem ent respon se tim es. T h e co in c id en ce  o f  the fie ld s at 
w hich the m od ulus steps and the Barkhausen ju m p s are observed  
strongly su ggests  a  relationship b etw een  these phenom ena. T he  
core-sheath dom ain structure o f  the as-cast w ire  is  supported by  
surface dom ain imaging [6], and the attribution o f  the 
Barkhausen ju m p to  the sw itch in g  o f  the m agn etization  in  the  
axial core dom ain is  supported by  S ixtu s-T on k s typ e dom ain  
w all propagation experim ents, e .g . [1 ]. T herefore, s in ce  the 
Barkhausen ju m p occu rs in the c tx e  dom ain  and AE is  attributed 
to the sheath dom ains it fo llo w s  that the reversal o f  the 
m agnetization w ith in  the core a ffec ts  the dom ain  structure o f  the 
sheath. T he e ffec t o f  the core reversal o n  the sheath is  very  
sm all. F igs. 2  and 3 sh o w  that the sw itch in g  p rocess imparts 
both transient and perm anent ch an ges to  the m od ulus. T he  
transient change in  the m od ulus probably reflects  the interaction  
betw een the propagating dom ain  w all and the dom ains o f  the 
sheath, s ee  fig . 4 . T he irreversib le m od u lu s change is  probably  
related to a sm all irreversib le rearrangem ent o f  the sheath dom ain  
structure. T h is m ay be as a  con seq u en ce  o f  e ither p inning o f  
the sheath dom ains that w ere a ffected  b y  the p assing  o f  the 
dom ain w all through the core  or because the dom ain  structure 
in the sheath has a sligh tly  d ifferent lo w est en ergy  configuration  
w hen the core is  m agn etized  in the o p p o site  d irection . H ow ever, 
s in ce  the m agnitude o f  the m od ulus step  is  sm all, any dom ain  
rearrangement m u st be rather subtle. T h e dom ain  structure on  
the surface o f  the sam e as-cast w ire as in f ig .2  is  sh ow n  in fig .3  
at positive  and n egative  rem anence. T h ese  dom ain  im ages  
indicate a s ligh t d ifferen ce in the sheath dom ain  structure o f  the 
tw o  rem anence states, thus supporting the su ggestion  o f  
irreversible dom ain  rearrangem ent in  the sheath region. It 
fo llo w s that the structure o f  the sheath dom ains o f  the as-cast 
Fe-based w ire are sim ilar, but not identical, at p o sitiv e  and 
negative rem anence.







F tg .4 . P o s s ib le  d o m a in  rearrangem ent in  th e  sheath , (a ) during th e  
p ro p a g a tio n  o f  th e  d o m a in  w a ll in  th e  core , w h ere  the so lid  lin es  in d ica te  the  
o rig in a l s h ea th  d o m a in  w a lls  and th e  d a sh ed  l in e s  in d ica te  th e sheath  structure  
resu ltin g  fr o m  th e  m a g n eto sta t ic  in tera ctio n  w ith  th e d o m a in  w a ll in  th e  core , 
an d  (b )  a fter  th e  m a g n etiz a tio n  rev ersa l in th e  co re , in  th is c a s e  the da sh ed  
l in e s  in d ic a te s  th e  o r ig in a l s h ea th  c o n fig u ra tio n  and th e so lid  lin es  s h o w  the  
n e w  a rra n g em en t
Wire axis { 20 mn
F ig .5  S u r fa ce  d o m a in  im a g e s  at (a )  p o s it iv e  rem a n en ce  and (b ) n eg ativ e  
r e n u n e n c e
IV. CONCLUSIONS
A high resolution vibrating reed system has been used to study 
the field dependence o f Young’s modulus of as-cast Fe-based 
amorphous wire. At low fields the E(H) behaviour is 
characterized by the presence o f two sharp steps. These steps 
occur at the same fields as the large Barkhausen jumps observed 
in the M(H) behaviour. It is suggested that the propagation o f a 
domain wall (i.e. the Barkhausen jump) in the axial core domain 
triggers a small, irreversible rearrangement of the domains in the 
sheath, which alters the modulus. The domain images of the 
wire surface show that the domains are slightly different at 
positive and negative remanence supporting the suggestion of 
irreversible domain rearrangement. The net difference in the 
sheath structure between when the core domain is positively 
magnetized and when it is negatively magnetized is subtle.
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SHEAR-WAVE MAGNETOMETRY USING 
METALLIC GLASS RIBBON
Indexing te rm s: M easurem ents , M agnetom etry
A  n o v e l  ty p e  o f  m a g n e t o m e t e r  is  p r o p o s e d . T h e  m a g n e t ic  
fie ld  is  m e a s u r e d  v ia  t h e  m a g n e t o e la s t i c  e f fe c t  in  a m o r p h o u s  
m a g n e t ic  r ib b o n  m a te r ia l ,  u s in g  th e  p h a s e  o f  a n  u l t r a s o n ic  
s h e a r  w a v e . P r e l im in a r y  m e a s u r e m e n ts  y ie ld  a  s e n s i t iv ity  o f  
1 5 n T  w ith  a  1 s  t im e  c o n s ta n t .  O r d e r -o f -m a g n itu d e  e s t im a te s  
in d ic a te  a  p o t e n t ia l  s e n s i t iv it y  o f  l e s s  th a n  1 p T .
Existing m agnetic field sensors are based on  a wide variety o f  
physical effects. M erm elstein1 has recently described a m agne­
toelastic fluxgate m agnetom eter that achieves a sensitivity o f  
lS n T /^ /H z  in the 0 to  1 Hz band, and Patanikas and 
Jackson2 have reported a piezoelectric/m agnetostrictive  
sensor that achieves a sensitivity o f O ^ n T /^ /H z at a frequency  
o f 2-8 Hz, but is not capable o f operating at D C  because o f the 
piezoelectric elem ent. T he performance o f  fibre-optic interfer­
om eters incorporating a section  bonded to a m agnetostrictive  
am orphous ribbon has n ot lived up to early prom ise, with  
present sensitivities abou t 1 nT /^ /H z.3 The m ethod proposed  
here is based on  the m agnetoelastic effect, and is capable o f  
genuine D C  operation.
For a wave having w avelength A, the phase difference 
between tw o points a distance L apart is given by
Also
<f> = 2nL/X
* =  c/f
(1)
(2)
where /  is the frequency and c is the w ave velocity. For zero- 
order shear waves in a solid  o f  density p,
c *  (p/p)12 (3)
where p is the shear m odulus.
If a shear wave is propagated along a strip o f am orphous 
m agnetic material both the length and the shear m odulus are 
functions o f applied m agnetic field. The change in phase differ­
ence can therefore be expressed as
A<f> =  2nL AH- f f )dH \Xj 2n AH dLX dH (4)
The second term is the m agnetostriction effect, and in m ost 
m etallic glasses is very sm all com pared to the first term, which  
represents the m agnetoelastic effect. It follow s from eqns. 2 -4 , 
therefore, that to a good  approxim ation
(5)
The quantity in brackets is the fractional change in shear 
m odulus per unit applied field. Precise data for this are not 
available, but a value o f the order o f 0-025 per (A/m ) seems 
attainable.4 T a k in g /  =  2 0 M H z and c =  3k m /s, we thus esti­
mate A4> to be o f the order o f 500rad/m /(A /m ). The ultimate 
field sensitivity depends on the phase sensitivity, which in turn 
depends on the noise in the system . If a phase sensitivity o f 
1 mrad can be attained, then the corresponding field sensi­
tivity would be 200 /iA /m , or its equivalent flux density in air 
o f 2-5 pT for one metre o f  active material. U ltrasonic delay  
lines have been constructed using coils o f  alum inium  strip  
m ore than 10 m long.3 If com parable lengths o f metallic glass 
can be used, then the sensitivity o f the shear-wave m agneto­
meter could  be o f the order o f 0  25 pT, approaching that o f  a 
S Q U ID  m agnetom eter. Even if these estim ates turn out to be 
overoptim istic the sensitivity could m ake the system  com peti­
tive with other techniques.
For the system  to function properly it is desirable for the 
acoustic wave propagating along the strip to be in a well
defined single m ode. N orm ally the acoustic waves in bulk 
solids are com binations o f many m odes. H owever, by suitable 
choice o f geom etry it is possible to  limit the m odes that can  
propagate. In particular, in a long strip below  a certain critical 
thickness, it is possible to propagate the zero-order shear 
w ave m ode in the absence o f higher m od es.3 The critical 
thickness d is given by the expression
d = c/f
where c and /  are as defined above. For m etallic glasses c is 
about 3k m /s, so  for a frequency o f  3 M H z the critical thick­
ness is 1m m . For typical ribbons about 25 pm thick single­
m ode shear waves are therefore expected at frequencies up to 
about 100 M Hz. Since the phase shift is directly proportional 
to  frequency, it might be supposed that the higher the fre­
quency, the better. However, the attenuation o f such waves in 
m etallic glass ribbons has not been studied in detail; if it 
increases with frequency as for polycrystalline strips it might 
becom e excessive at frequencies well below  100 M Hz.
The essential features o f a preliminary system  are shown in 
Fig. 1. A source o f radio-frequency energy A is connected to a 
piezoelectric shear-wave transducer B. B is bonded to a strip 
o f am orphous m agnetic material C in such a way that it 
launches bulk shear waves along C  to the receiving transducer 
D. The output o f  D  is connected to a phase meter E, together 
with a signal from A, so that E measures the phase difference 
between input and output. To study the m agnetic field depen­
dence o f the phase shift the strip is enclosed in a solenoid F, 
supplied from a current source G.
F ig .  1 Block diagram o f  basic system
Fig. 2 show s preliminary results for the phase shift as a 
function o f applied magnetic field. T he strip material was 
V A C 4040 from Vacuum schm elz in the as-received state. The  
transducers were o f  PZT5 bonded to the flat faces o f the strip 
using cyanoacrylate adhesive. The distance between transm it­
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F ig .  2  M easured phase shift as a function o f  applied magnetic field
Reprinted from ELECTRONICS LETTERS 12th February 1967 Vol. 23 No. 4 pp 147-148
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900 kH z. T he phase was measured using a Brookdeal m odel 
9512A  phase-sensitive detector in the phase mode. These  
results show  a linear variation in phase for fields between zero 
and 800 A /m . The interesting behaviour at higher fields is not 
o f direct im portance in this application.
T o  im prove the sensitivity a second solenoid was used to  
m odulate the applied field at 65 Hz, and the output o f the 
phase meter m easured with a phase-sensitive detector oper­
ating w ith a tim e constant o f 1 s. This rem oves low-frequency 
phase noise. The noise level indicates an RM S field noise o f 
about 15nT . A lthough this is m odest in relation to the figures 
estim ated above, it m ust be borne in mind that no attem pt has 
been m ade to  optim ise the system.
P . T . S Q U I R E  3rd December 1986
M . R . J. G I B B S
School o f  Physics
U niversity o f  Bath
Bath B A 2  7A Y , U nited Kingdom
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Abstract
We describe a new method of measuring low magnetic
fields based on the magnetoelastic effect in amorphous 
magnetic materials. Preliminary results indicate a 
sensitivity of order 2.5 nT in the frequency range 
0-1.6 Hz. The potential sensitivity is estimated to 
be better than 1 pT.
Introduction
During the past few years a number of magnetometers 
based on amorphous magnetic material have been proposed 
[1-3 ]. The present level of performance of all these 
devices is of the order of 1 nT/VHz atD.C. and as yet 
none of them has reached the commercial stage of 
development.
The present proposal is based on the magnetoelastic 
effect [4l. Briefly, the magnetic field-induced 
change in elastic modulus in an amorphous ribbon 
changes the speed of acoustic waves in the material.
The change in speed is sensed as a phase change 
between the input to and the output from a pair of 
acoustic wave transducers placed at either end of the 
ribbon. The preferred mode is a zero-order shear wave
[5]. For such a wave the phase change A$ produced by 
a field change AH can be shown to be [ 61:
A* - *(LfK/c)AH (1)
where f is the frequency, L the distance between the 
transducers, and c the speed; K is a material parameter 
given by:
K - (1/M ) O m /»H) (2)
that is, the fractional change in shear modulus p per 
unit change in applied H.
It is clear from Equ.(l) that for high sensitivity to 
magnetic field changes the length, frequency and K 
must all be as large as possible, while the phase noise 
must be as small as possible (the speed is similar for 
most amorphous magnetic materials). The Young's 
modulus is very sensitive to the thermomagnetic history 
of the material [7], For example, in a specimen of 
Metglas 2605SC (Allied Corporation) Meeks and Hill [8] 
have demonstrated a fractional change of the Young's 
modulus of about 0.05 per (A/m) after a suitable 
transverse field anneal; the shear modulus might be 
expected to change by a similar amount. Plausible 
values of other parameters are L ■ lm, f “ 20MHz and 
c * 3km/s. The phase sensitivity depends on the noise 
in the system, but a modest value of 1 mrad combined 
with the previous values in Equ. (1) leads to an 
estimated field sensitivity of about 1 mA/m or 1 pT.
If such sensitivities can be demonstrated experi­
mentally, then the shear-wave magnetometer might 
compete effectively with rival technologies. It is the 
purpose of this paper to describe a prototype system 
and indicate some of the operating characteristics.
Experimental Details 
Fig.l. shows a schematic diagram of the system.
D.C.









Fig.l. Block Diagram of the Magnetometer
The amorphous ribbon is a 25cm length of VAC4040 
(Vacuumschmelze) in the as-received state; the width 
is 2Omni and the thickness about 30 um. The trans­
ducers T1 and T2 are of PZT5, approximately 13mn x 2run 
x 0.5mm,poled along the length and bonded to the face 
of the ribbon with silver-loaded epoxy, which is also 
used to form the top electrode and attach the top lead. 
This is not a conventional method of launching shear 
waves [51, but in thin ribbons it seems to be effec­
tive. Pulse measurements indicate that the dominant 
mode propagates yith a speed of about 2.6 km/s. The 
transducers resonate at about 1.8 MHz, and for an input 
amplitude of 10V pk-pk the output amplitude is about 
80mV pk-pk.
The output signal is of sufficient amplitude to be 
connected directly to the phase detector, which takes 
the form of a double balanced mixer (Plessey type 
SL1640); the carrier input is derived from the H.F. 
source via a potential divider.
The phase noise for direct operation is unacceptably 
high because of thermal and mechanical disturbances of 
the ribbon. A modulation method is therefore used to 
overcome the low frequency noise. The L.F. source 
produces a modulating field at frequency fro in a 
solenoid surrounding the ribbon. The output from the 
receiving transducer T2 is thereby phase modulated, 
and the phase detector output is at fm and its har­
monics. The amplitude of the fundamental component is 
measured by the phase-sensitive detector. A second 




The principle of the modulation scheme is illustrated ■—  H -^A/m
in Fig.2. Fig.2(a) shows a typical phase/field *
characteristic near H - 0, together with a modulating 
field and the resulting output. Fig.2(b) shows the 
D.C. output from the phase-sensitive detector when the 
reference frequency equals the modulation frequency.
The system can operate either in open-loop or closed- 
loop mode. In the open-loop mode the applied field 
must lie within the central quasi-linear region, either 
with or without a bias field. In the closed-loop mode 
the output from the P.S.D. is amplified and fed back 
with the correct phase to maintain the operating point 
close to H » 0; the feedback signal is then propor­
tional to the applied field.
Vo
Fig.2. Principles of the Modulation System 
Results
Fig.3. shows a set of characteristic curves, obtained 
by plotting the output from the P.S.D. against applied 
D.C. field. Fig.3(a) shows the effect of varying the 
modulation amplitude at fixed frequency, while Fig.3(b) 
shows the effect of varying the modulation frequency at 
fixed amplitude.
These curves are helpful in selecting the operating 
conditions for optimum sensitivity. Fig.3(a) shows 
that maximum sensitivity to field change occurs when 
the r.m.s. modulation amplitude is about 8 A/m. Higher 
modulation amplitudes extend the quasi-linear region at 
the expense of reduced sensitivity. Fig.3(b) suggests 
that the sensitivity is constant at frequencies up to 
about 1kHz; beyond this the A.C.losses cause appreciable 
hysteresis and a drop in sensitivity. The optimum 
operating frequency depends also on the noise, which 
tends to decrease with frequency, suggesting an opti­
mum in the vicinity of 1kHz.
Fig.A. shows a chart recording of the output from the 
P.S.D. with calibration steps in the applied field, 
from which the field noise may be deduced. This 
recording is for closed-loop operation.
10s
Fig.A. Output against time; showing the stability for 
closed-loop operation ( t =  1 0 0  ms)
Discussion
The results of Fig.A. indicate a r.m.s. noise level 
of about 2.5 nT in a bandwidth of 1.6 Hz. The drift 
is also of this order over the recording time of about 
3 minutes. This performance is not particularly 
impressive, but it has been obtained with as-received 
material in which the elastic modulus change with 
applied field is quite small. The phase change for a
1 A/m field change is about 1 degree, so the field 
noise observed corresponds to a phase noise of about
2 milldegrees, or 35 prad. This is substantially lower 
than the figure of 1 mrad used for illustrative pur­
poses in the introduction. This means that there can 
be some relaxation of the required values for the 
other parameters in order to achieve the 1 pT noise 
mentioned earlier; for instance, the ribbon could be 
shorter or the frequency lower. It remains to be 




1 2 3 8 H z
= 8A/mlb nV
S0A/m
Fig.3. Operating Characteristsics■ The vertical scale 
is proportional to the phase difference.
(a) Effect of modulation amplitude at fixed frequency
(b) Effect of modulation frequency at fixed amplitude
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modulus change can be fully utilised in this appli­
cation. In particular the ultrasonic transmission 
must be maintained at similar levels to that observed 
here for the phase noise to be comparable.
Conclusions
The principle of the shear-wave magnetometer has been 
demonstrated. With as-received metallic glass ribbon 
a sensitivity of 2.5 nT (r.m.s.) in the frequency 
range 0 - 1.6 Hz has been achieved. This is consistent 
with phase noise of 35 urad.
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Ultrasonic shear-wave absorption in amorphous magnetic ribbons
P. T. Squire and M. R. J. Gibbs
School o f  Physics. University o f  Bath. Bath BA2 7AY, United Kingdom
S h ear-w ave  p ropagation  has been  stu d ied  exp erim en ta lly  in  sa m p les  o f  am o rp h o u s ribbon  
m ateria l o f  co m p o sitio n  F e40N i3gM o 4B,g (M E T G L A S  2 8 2 6 M B ) . T h e  sa m p les  w ere in th e  as- 
rece ived , s tress-relieved , and transverse-field  ann ea led  sta tes. P u lse -e c h o  m easu rem en ts  h ave  
been  m ad e at frequencies b etw een  0 .5  and 2 .5  M H z  and at var iou s ap p lied  fields. T h e  
freq u en cy  d ep en d en ce  o f  th e  ab sorp tion  coeffic ien t is co n s isten t w ith  th e  form  af 4- bf* fou n d  
in cry sta llin e  so lid s . In th e c a se  o f  am orp h ou s m ateria l th e  seco n d  term  is a ttrib uted  to  
sca tterin g  from  d om ains. A s-rec e iv ed  m aterial h as a h igh er  lo ss  th an  field  an n ealed , e sp ec ia lly  
at very  lo w  ap p lied  fields; th is  is th o u g h t to  be d u e  to  m a g n etic  d a m p in g  a sso c ia ted  w ith  
m o m en t rotation . T h e  im p lic a tio n s  o f  th ese resu lts for sh ear-w ave  m ag n eto m etry  are briefly  
con sid ered .
INTRODUCTION
S h ear-w ave  m agn etom etry  (S W M ) w as proposed  re­
c e n t ly 1*2 as a n ew  tech n iq u e  for m easu r in g  m agn etic  field  
ch a n g es  w ith  su b p ico tes la  reso lu tion . T h e  tech n iq u e as o r i­
g in a lly  prop osed  is based  on  the p h ase  c h a n g e  betw een  tw o  
u ltrason ic  tran sd u cers sen d in g  and rece iv in g  shear w aves  
a lo n g  an am o rp h o u s ribbon. T h is p h ase  ch a n g e  is a c o n se ­
q u en ce  o f  th e  m a g n eto e la stic  ( AE) effect, w h ich  can be esp e­
c ia lly  large in su itab ly  prepared sa m p les  o f  m eta llic  g la ss.3
T h e  m a g n etic  field n o ise  can be s h o w n 1 to  be g iven  byHH = (c/nfKL)<f>H, ( 1 )
w h ere c is  th e  sh ear-w ave  ve loc ity , f is  th e sh ear-w ave  fre­
q u en cy , L is  th e len g th  o f  ribbon b etw een  th e  transducers, K 
is th e  fraction al ch a n g e  in shear m o d u lu s  per unit app lied  
m agn etic  field , and  <f>„ is  th e  phase n o ise  o f  th e m easuring
system .
F or  m in im u m  field n o isef K, an d  L m u st be as h igh  as 
possib le , and <f>„ as lo w  as possib le . T h e  m in im u m  phase  
n o ise  ach iev a b le  is d e term in ed 4 by th e  s ig n a l-to -n o ise  ( S / N ) 
ratio  o f  th e  s ign al at th e  p h ase d etector . S in ce  th e S / N  ratio  is 
prop ortion a l to  th e  sign al tran sm itted  a lo n g  th e  ribbon, <f>„ is 
a fu n ctio n  o f  /  an d  L. I f  th e  usual law  o f  transm ission  is  
assu m ed , th e  sign a l v o lta g e  m ay be exp ressed  asv = 0voexp i-aL), ( 2 )
w h ere 0 is  th e co m b in ed  insertion  lo ss  o f  th e  transducers, 
an d  a is th e  ab sorp tion  coeffic ien t o f  th e  ribbon. It is gen era l­
ly  fou n d  in a ll tran sm ittin g  m edia  s tu d ied 3 th at a  is a fu n c ­
tion  that in creases w ith  frequency. A c c o r d in g ly  it is  essentia l 
to  m easu re  th e  frequency  d ep en d en ce  o f  u ltrason ic  loss in  
th e  a m o rp h o u s m ateria ls con sid ered  as can d id ates for 
S W M . It is th e  p u rp ose o f  th is  paper to  presen t data  on  u ltra­
so n ic  lo ss  for M E T G L A S  2 8 2 6 M B ,6 th e m ateria l ch osen  for 
p relim in ary  d ev e lo p m en t o f  the S W M  system .
METHOD
T h e  lo ss  w as m easured  by the p u lse -ech o  m eth o d .7 S am ­
p les o f  M E T G L A S  2 8 2 6 M B  w ere c u t from  a 2 5 -m m -w id e  
strip  a p p rox im ate ly  25 /zm  th ick . T h e  sam p les  w ere 8 cm  
lo n g  and 13 m m  w ide, w ith  a 3 x  3 m m 2 lu g  projecting from  
th e  s id e  at o n e  en d  to  m ak e th e  earth c o n n ec tio n  and  support 
th e  sam p le . S am p les w ere o f  three kinds: a s-rece ived  ( A R ) ,
s tress-re lie f an n ea led  ( S R ) ,  an d  tran sverse-fie ld  an n ea led  
( F A ) .  T h e  stress-re lie f an n ea l w a s for 2 0  m in  at 355  *C in 
air; th e  transverse-fie ld  ann eal w as for  4 0  m in  a t 355  *C in  air  
w ith  a field  o f  0 .1 3  T  parallel to  th e  13 m m  ed g es. Sh ear-w ave  
tran sd u cers o f  P Z T  or L iN b O , w ere  a tta ch ed  to  o n e  face at 
th e  en d  w ith  th e  lug . T ran sd u cers  prepared  in  th is  w ay  are  
fa irly  broad b an d , a llo w in g  a s in g le  tran sd u cer  to  co v er  a  
freq u en cy  range o f  at least an o c ta v e , a lb e it w ith  red uced  
sen sit iv ity  an d  so m e  sign al d isto r tio n . T h e  sa m p le s  w ere su s ­
p en d ed  v ertica lly  w ith in  th e  field o f  a pair  o f  H e lm h o ltz  
co ils . A ll m easu rem en ts  w ere at ro o m  tem p eratu re .
RESULTS
F igu re  1 sh o w s  a ser ies o f  p u lse  e ch o es  in d ica tiv e  o f  th e  
sig n a ls  from  w h ic h  th e lo ss  data  w ere  o b ta in ed . T h e  traces  
are in pairs, th e  upper trace  in  ea ch  sh o w in g  th e  p u lse  ech o es  
in  a s tro n g  field  an d  th e  low er  a t zero  m a g n etiza tio n .
F igu re  2 sh o w s  th e  tran sm ission  as a fu n c tio n  o f  fre­
q u en cy  for A R  an d  F A  sam p les a t z er o  m a g n etiza tio n . T h e  
data  are sh o w n  in  th e  form  o f  th e  ratio  A2 /A, for  th e  first tw o  
ech o es . A p p ro x im a te  va lu es o f  th e  a b so rp tio n  coeffic ien t in  
Eq. ( 2 )  can  be der ived  from  th ese  ratios.
F igu re  3 sh o w s  th e rela tive  a m p litu d e  o f  th e  first e c h o  as




■ f H *
k) " H :
F I G . I . P u ls e -e c h o  tra ces  
fo r  A R  a n d  F A  sa m p les :  
( a )  A R  / =  I M H z ; ( b )  
A R  / =  1.5  M H z ;  ( c )  F A  
/ =  1.5  M H z ;  ( d )  F A  
/ =  2 . 1 M H z . In  e a c h  c a s e  
th e  u p p e r  tr a c e  is for  
H = 1.3x 10* A / m .  an d  
th e  lo w e r  is  a t z e r o  m a g n e ­
t iz a t io n .






FREQUENCY /k H z
F I G . 2. T r a n sm is s io n  a s  a 
fu n c tio n  o f  fr eq u en cy  for  
A R  ( • )  a n d  F A  ( X  ) s a m ­
p les  a t z e r o  m a g n etiz a t io n . 
S a m p le  len g th  =  8  cm .
a fu n ction  o f  field c lo se  to  zero  m agn etiza tion , at various 
freq u en cies, for A R  and F A  sam ples. T h is  is the region o f  
in terest in S W M , s in ce  in c lo sed -lo o p  op era tion  th e m agn eti­
za tion  is a lw a y s  m ain ta in ed  c lo se  to  zero. T h e  am p litu d es  
are p lo tted  on  a n orm alized  scale , as th e  p ercentage o f  m ax i­
m u m  (a t M — 0 )  for each  sam p le  at a particu lar frequency. 
T h e  field is m easured  from  that va lu e  w h ich  produ ces  M = 0.
DISCUSSION
T h e  p u lse -ec h o  traces ( F ig. 1) sh o w  several interesting  
features. T h e  ech o  sh ap es  are not ex a ctly  repeated , in d ica t­
ing  so m e  d isp ersion . T h e  am p litu d es  d o  not th erefore fall 
ex p o n en tia lly , so  it is not possib le  to  ca lcu la te  accu rate  ab-
100 • 15MHz ° 21MHz ° 23MHz I a 2-SMHz
CC
H /  A m'1
F I G .  .V  R e l a t i v e  a m p l i t u d e  o f  t h e  f i r s t  e c h o  a s  a  f u n c t i o n  o f  a p p l i e d  f i e l d .  / / ,  
w i t h / a s  p a r a m e t e r .  A R  ( • . ■ ,  V  ) ;  F A  ( O . Q . D A ) .
sorp tion  coeffic ien ts from  Eq. ( 2 ) .  T h e  rath er co m p lica ted  
subsid iary  ech o es  betw een  the m ain  o n e s  su g g est reflection s  
from  in h o m o g en e itie s  su ch  as loca l s tress  v a r ia tio n s an d  su r­
face irregu larities. T h e  con sid erab ly  c le a n e r  b a se lin e  o f  th e  
F A  sam p le  is con sisten t w ith  th e rem o v a l o f  th e form er  
sou rce  by th e  stress relief that a c co m p a n ie s  th e  field ann eal. 
T h is  is borne out by th e trace o f  a sa m p le  g iv en  a stress-re lie f  
ann eal w ith ou t a transverse field , w h ich  a lso  sh o w s  a c lean  
b aseline in a stron g  field. T h e  o th er  m ain  fea tu re  o f  F ig . 1 is  
th e d ifference betw een  th e upper an d  lo w er  traces  o f  ea ch  
pair. A lth o u g h  th e app lied  field in th e  u p p er  traces  w a s not 
stron g  en ou gh  to  sa turate  th e sa m p les  fu lly , it w a s sufficient 
to  rem ove m ost o f  th e d om ain  s tru ctu re , th u s p reven tin g  
e la stic  w ave loss by d om ain  sca tterin g . It w o u ld  a lso  h o ld  th e  
m o m en ts  c lo se  to  th e lon g  axis, th ereb y  r ed u c in g  a tten u a tio n  
by m om en t rotation  and ed d y  cu rren ts: so -c a lle d  G ilb ert 
d a m p in g .8 T h e  increased  lo ss  at lo w  fie ld s  is a ttr ib u ted  to  
th ese  tw o  factors; th e residual lo ss  at h ig h  fie ld s is probab ly  
d u e to  surface scatterin g.
F igu re  2 sh o w s how  the low -fie ld  lo ss  in crea ses  w ith  
frequency. U ltra so n ic  ab sorp tion  in c r y s ta ll in e  m eta ls  is 
co m m o n ly  fou nd  to  fo llo w  a re la tio n sh ip  o f  th e  fo rm 5a = af+bf\ ( 3 )
th e first term  corresp on d in g  to  e la st ic  h y steres is , an d  th e  
seco n d  to  R ay le igh  scatterin g  from  gra in  b o u n d a r ies. In th e  
present sy stem  grain b ou ndaries are n o t p resen t, but d o ­
m ain s m igh t p rov id e su itab le  sca tter in g  ob jec ts . T h e ir  s ize s  
are m ain ly  in th e range 1 0 -1 0 0 ^ /m , w h ich  is very  su itab le  for  
R ayle igh  sca tterin g  o f  w aves h av in g  w a v e len g th s  o f  ab ou t 1 
m m . T h e  stra ight lin es draw n for g u id a n c e  in F ig . 2 in d ica te  
that a law  o f  th e  form  o f  Eq. ( 3 )  is u se fu l for  a m o rp h o u s  
ribbon m ateria ls. O n e reason for th e  in crea sed  lo ss  in A R  
sam p les com p ared  w ith  F A  has a lrea d y  been  d iscu ssed . A  
further reason at low  fields is th at in F A  m ater ia l th e m o ­
m en ts lie p red om in an tly  parallel to  th e  sh ea r-w a v e  strain  
field, and are th erefore less subject to  m o m en t r o ta tion  th an  
in A R  m ateria l, w here the m om en t d ir e c tio n s  are w id e ly  
distribu ted .
F igu re 3 sh o w s tw o  m ain  fea tu res o f  th e  field d e p en ­
d en ce  o f  tran sm itted  am p litud e: in A R  m ater ia l th ere  is a 
very sharp in itia l decrease in a m p litu d e , w h ich  is m ore  
m arked as th e frequency rises; F A  m a ter ia l sh o w s  n o  in itia l 
decrease. A t app lied  fields greater th an  a  few  A / m  th e  tra n s­
m ission  varies in a very sim ilar  w ay  for b o th  m a ter ia ls  at all 
frequencies sh ow n . T h e  origin o f  th e  in itia l d ro p  in a m p li­
tu de for A R  m ateria l is not yet c lear. T h e  m o st o b v io u s  d if­
feren ce betw een  A R  and F A  m ateria l is th a t in  A R  th e  m o ­
m en ts have co m p o n en ts  d istr ibu ted  o v e r  a w id e  so lid  an g le , 
w hereas in F A  th e m om en ts  lie p r e d o m in a n tly  tran sverse  to  
th e axis and in th e  p lan e o f  th e r ib b on .9 T h e  m o m en ts  that 
are m ost easily  rotated  by a tran sverse  stra in  field  are th ose  
at an g les  around 4 5 ’ to  the a x is ,10 an d  th ese  are m ore  preva­
lent in the A R  m aterial. H ow ever , a p rop er  u n d ersta n d in g  o f  
th is  b eh aviou r m ust aw ait further s tu d y .
T h e  im p lica tio n s o f  th ese resu lts  for  S W M  can  n ow  be  
briefly con sid ered . It is clear th at th e s tro n g  freq u en cy  d e ­
p en d en ce o f  loss rules ou t th e use  o f  freq u en c ies  m u ch  
greater than abou t 2 M H z. A lth o u g h  th e  presen t m ea su re­
m ents are restricted  to a sin g le  c o m p o s it io n  it is  u n lik e ly  that
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other suitable compositions will behave very differently. 
Field annealing is desirable not only because it enhances the 
AE  effect, but also because it reduces loss. The very strong 
field dependence o f loss at low fields in as-received material 
might possibly be utilized in an amplitude sensing mode of 
magnetometer, especially if further material preparation can 
be found to enhance the effect.
CONCLUSIONS
The loss in shear-wave propagation in the frequency 
range 0.5-2.5 MHz approximately follows the law 
a  =  a f +  b f*  found in crystalline solids. The magnetic loss is 
attributed to domain wall scattering and eddy current damp­
ing. Field-annealed material is less lossy than as-received 
material. In as-received material there is a very sharp initial
increase in loss at low magnetic fields which is not yet ex­
plained.
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Abstract
A detailed analysis o f  the response o f  a shear-wave m agnetom eter to applied m agnetic field and tem perature is 
presented. This facilitates the identification o f  dom inant sources o f  noise. It is shown both theoretically and 
experim entally that a schem e o f  phase feedback significantly reduces the effect o f  temperature on the system . Typical 
results in the tim e and frequency dom ains are presented, which indicate a sensitivity o f  <  100 p T /H zl/2. T he residual
noise is due primarily to  the am orphous ribbon.
1. In troduction
S h e a r -w a v e  m a g n e to m e tr y  w a s  p r o p o s e d  in  1987  
[ 1 ,2 ] .  It is b a sed  o n  th e  m a g n e t ic - f ie ld  d e p e n d e n c e  o f  
th e  e la s t ic  m o d u lu s  in  a m o r p h o u s  r ib b o n s . T h e  m o d ­
u lu s  c h a n g e  resu lts  in  a  v e lo c ity  c h a n g e  o f  a c o u s t ic  
w a v e s  p r o p a g a t in g  a lo n g  th e  r ib b o n , a n d  is  m e a su red  
b y  a p h a se  d e te c to r  th a t c o m p a r e s  th e  p h a se  o f  tr a n s ­
m itte d  a n d  rece ived  a c o u s t ic  s ig n a ls . It o ffers  a  p o te n ­
tia l s en s it iv ity  in th e  l - 1 0 p T  r a n g e  a t fr e q u e n c ie s  
b e tw e e n  0 .01  a n d  10 H z , w h ic h  w o u ld  m a k e  it c o m p e t i­
tiv e  w ith  th e  b est r e sea rch -g ra d e  f lu x g a te  m a g n e to ­
m ete r s. T h e  p resen t s e n s it iv ity  is  o f  th e  o r d er  o f  100 p T .
In th is  p a p er  w e  p resen t a  d e ta ile d  a n a ly s is  o f  th e  
s y ste m  an d  a p p ly  it to  th e  m e a s u r e d  p e r fo r m a n c e  to  
id e n t ify  th e  im p o rta n t n o is e  so u r c e s . T h e  d ir e c tio n s  o f  
s tu d y  fo r  fu rth er  im p ro v e m e n ts  are  a ls o  d isc u sse d .
2. Theory of the shear-wave magnetometer
2.1. Basic theory of operation
F ig u r e  1 s h o w s  th e  e sse n tia l e le m e n ts  o f  th e  sy ste m . 
T h e  r.f. s o u r ce  p r o v id e s  a d r iv e  v o lta g e
vt = v0 cos(w0t) ( 1 )
t o  th e  tr a n sm itt in g  tra n sd u cer . T h e  s ig n a l p r o p a g a te s  a s  
a  sh e a r  w a v e  a d is ta n ce  L a lo n g  th e  a m o r p h o u s  r ib b o n  
t o  th e  rece iv in g  tra n sd u c er , w h ic h  g iv e s  an  o u tp u t
vr — t/Vg co s(u )0 / <f>) ( 2 )
w h e r e  rj is  th e  tr a n sm iss io n  ra tio  o f  th e  s ig n a l a n d  <f> is 
th e  p h a se  sh ift . T h e  p h a se  d e te c to r  g iv e s  an  o u tp u t  
th a t is a  p e r io d ic  fu n c tio n  o f  <f>.
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Fig. 2. (a) Idealized phase response o f ribbon/transducer assem­
bly. (b) Lock-in amplifier output for a sinusoidal modulating 
field.
F ig u r e  2 s h o w s  th e  id ea liz ed  p h a se /f ie ld  r e sp o n se  o f  a  
m a ter ia l e x h ib it in g  f ie ld -d ep en d en t e la s t ic  m o d u lu s , t o ­
g e th e r  w ith  th e  lo c k -in  a m p lifier  o u tp u t  for  a  s in u s o id a l  
m o d u la t in g  fie ld . In c lo s e d - lo o p  o p e r a t io n  th e  sy ste m  
is lo c k e d  c lo s e  to  th e  H =  0  c o n d it io n  b y  a d .c . fie ld  
fed  b a ck  fr o m  th e  lo ck -in  o u tp u t. T h e  m a g n itu d e  o f  
th e  fe ed b a c k  cu rren t is th en  d irec tly  p r o p o r tio n a l to
©  1 9 9 3  —  E lse v ie r  S e q u o ia  A ll  r ig h ts  r e se r v e d
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the external field, and provides a wide-range linear 
field response.
The phase difference <f> is given by
<j) =  a>Q[L(p I n )'12] (3)
where p  is the density and p  is the elastic shear mod­
ulus. In the simplest approximation the sensitivity o f  
the magnetometer can be estimated by assuming that p  
is the only field-dependent term on the right-hand side 
o f eqn. (3). It follows that
d(f> 
dH
_ d < j >  dp _  <f> ( 1  bp  \
- T p W =  ~ 2 \ p d H j (4)
The field noise Hn can then be related to the phase 
noise <j>„ through the equation
(5)
The first bracket expresses the fractional phase noise 
o f the system; the second bracket is the fractional 
change in shear modulus per unit applied field. The 
former is a quantity primarily determined by the elec­
tronic noise, while the latter is a material parameter o f  
the amorphous ribbon. We shall denote this parameter 
by K ; it is a figure o f  merit for the material in the 
sense that the higher the value o f  K, the lower the field 
noise for a given phase noise. In principle, if the phase 
noise and K  are known, the field sensitivity can be 
calculated. In practice the system is more complicated 
than this, and it is the purpose o f  the next Section to 
give a more thorough analysis, which can then provide 
the basis for a fuller evaluation o f the magnetometer 
performance.
2.2. D etailed theory o f  the open-loop response including 
temperature effects 
The response o f the system can be analysed by con­
sidering changes in applied field H  and temperature
T:
A<f> =  (d<j>!dH) AH  +  (d<f>ldT) A T (6)
The quantities inside the square brackets in eqn. (3) are 
all functions o f  both H  and T, so it is necessary for 
optimum performance as a low-frequency field sensor 
to choose the ribbon material and operating conditions 
for maximum sensitivity to H  and minimum sensitivity 
to T. For this purpose it is necessary to expand eqn. 
( 6 ). After carrying out the differentiations and re­
arranging, one finds that
A<f> =
2nL IF1 -[[A  dH \_\_dp  2 p d H \_}_dV \ ]  2 V dH  U AH
\ L * l \ _ l i £ T |  I a t I  (T)
\ L d T \ H 2 p d T  H 2 V d T \ H\  J
The right-hand side consists o f six effects, which can be 
identified respectively as follows:
1 d L
— —  : linear magnetostriction 
L  d H
1 d p
— —  : the modulus parameter K  defined above 
p  d H
1 d V
— —  : the magnetovolume effect 
1 d L
— —  : linear thermal expansivity, a
L  d T
1 d p
— —  : the fractional change in shear modulus with
p  d T
temperature
1 d V
- volume thermal expansion ( =  3a).
O f these, the magnetovolume effect is very small com­
pared with the linear magnetostriction [3], and will be 
neglected. The other effects can be written to the lowest 
useful order as
L  =  Lo( 1 -I- a.T)( 1 -f cH 2)
- C T O  - a H - b H 2) 




Substitution o f  these into eqn. (7), and retention o f  
terms to first order in the small coefficients a, /?, a , b 
and c, leads to the expression
A<f> =  <f>0(A A H  +  B A T) 
where
4>o — WoLoiPolPo)1/2







The subscripts zero denote quantities at an arbitrary 
reference temperature, at which T  is taken as zero.
The output from the phase detector can now be 
calculated. In the present form o f  the magnetometer, 
phase detection is achieved by a passive Schottky diode 
mixer, whose response is o f  the form
=gV tV' (15)
where g  is the mixer gain. Substitution for i;( and v, 
from eqns. ( 1) and ( 2 ) gives
^ SW otcos <f> +  cos(2 ai0/ -  4>)] (16)
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L o w -p a s s  filter in g  re m o v e s  th e term  a t tw ic e  th e  d r iv e  
fr e q u e n c y . T h e  p h a se  is  a fu n c tio n  o f  H a n d  T, g iv e n  b y
<p =  <t>o +  A</> (1 7 )
w ith  A<f) g iv e n  b y  eq n . (1 1 ) .  L et
H =  H0 +  A / /  =  H0 +  h c o s  iomt (1 8 )
w h e re  H0 is  th e  a p p lied  fie ld  to  be m e a su r ed  a n d  h is  th e  
a m p litu d e  o f  th e  m o d u la t in g  fie ld  a t a n g u la r  fr e q u e n c y  
(j j w .  C o m b in in g  e q n s . ( 1 1 ) ,  (1 3 ) ,  ( 1 6 ) - ( 1 8 )  g iv e s  fo r  th e  
m ix er  o u tp u t  v o lta g e
Solanoids
V4 =  VX COS j< £0 |^ 1 +  (b + 2c)(H0 -I- h c o s  comt)h c o s  wmt
+ -ah c o s  com/  +  B A T ])
w h ere
1 2
=  2 SVvo
(1 9 )
(20)
T h e  m ix e r  o u tp u t  p r o v id e s  th e  in p u t to  a  lo c k - in  
a m p lifie r  r e feren ced  to  th e  m o d u la t io n  fre q u e n c y . T h e  
o u tp u t  is  p r o p o r tio n a l to  th e  c o m p o n e n t  o f  th e  in p u t a t  
th e  m o d u la t io n  fr eq u en cy , so  it is  n e c essa ry  a t th is  s ta g e  
to  reta in  o n ly  th ese  term s in th e  e x p a n s io n  o f  e q n . (1 9 ) .  
T h e  fu n d a m e n ta l c o m p o n e n t  is
=  d, s in  j</>0£ l  +  Q b +  c^jh2 + B A t J |
x  + ( b  + 2 c ) / / 0J c o s c o mr (2 1 )
W ith  th e  referen ce  p h a se  set to  z ero , th e  lo c k -in  a m ­
p lifier  o u tp u t  v o lta g e  is th u s
”l  =  ^  rigpvo s i n j ^ o ^ l  +  Q  b +  c ^ A 2 +  B A r j j
xh<t>0^ a + ( b + 2 c ) H o ]  ( 2 2 )
w h er e  p is  th e  lo c k -in  a m p lifie r  g a in . T h is  is th e  o p e n -  
lo o p  s ig n a l, w h ic h  is  a  m ea su re  o f  th e  d .c . fie ld  H0.
2.3. Closed-loop response with magnetic feedback 
T h e  o p e n - lo o p  s ig n a l is u n sa tis fa c to r y  fo r  m e a su r in g  Hq fo r  th ree  m a in  rea so n s: th e  first is th e  n o n -lin e a r ity  
a s s o c ia te d  w ith  th e  fie ld  d e p e n d e n c e  o f  m a n y  o f  th e  
p a r a m e te r s  in  eq n . (2 2 ) ;  th e  sec o n d  is th e  lim ited  d y ­
n a m ic  ran ge; an d  th e  th ird  is th e  s e n s it iv ity  o f  th e  s ig n a l  
t o  sy ste m  p a ra m e ter s , su ch  a s  tj,g,p. T h e se  are  c o m ­
m o n  p r o b le m s  in o p e n - lo o p  sy ste m s , a n d  th e  rela ted  
p r o b le m  in th e  f ib re -o p tic  m a g n e to m e te r  h a s  b een  d is ­
c u s se d  b y  K o o  et al. [4 ], F ig u re  3 s h o w s  th e  lo c k -in  
a m p lifie r  o u tp u t  c o n n e c te d  to  a  fe e d b a c k  s o le n o id  
a r o u n d  th e  r ib b o n . T h is  h a s  th e e ffec t th a t th e  ex tern a l
o m m b l y
rf sourc*
F U l d
f a a d b a c k
r « f .
■CD-
F i g .  3 .  F u n c t i o n a l  d i a g r a m  o f  t h e  c o m p l e t e  s y s t e m ,  s h o w i n g  
m a g n e t i c  f i e l d  a n d  p h a s e  f e e d b a c k .  .
fie ld  is r ed u ced  b y  th e c lo s e d - lo o p  g a in , s o  th e  sy stem  
rem a in s  lo c k e d  c lo se  to  H =  0 . A ls o ,  a s w ill b e  s h o w n ,  
th e  cu rren t th ro u g h  th e feed b a ck  c o il  is  a  b e tter  m e a ­
su r e  o f  H0 s in c e , to  a first a p p r o x im a tio n , it is  d irec tly  
p r o p o r t io n a l to  H0, an d  is in d ep en d e n t o f  th e  sy stem  
p a r a m e te r s . It is n o w  n ecessa ry  to  e x a m in e  th e c lo se d -  
lo o p  r e s p o n se  m o r e  c lo se ly , in  o rd er  to  d e ter m in e  th e  
c r itic a l fa c to r s  fo r  lim itin g  th e  u lt im a te  sen sit iv ity .
L et th e  fie ld  Hr in  th e fe e d b a ck  s o le n o id  b e  g iv en  by
Hf = nlf (2 3 )
w h e r e  n is  th e  n u m b e r  o f  tu rn s/m etre  o n  th e  s o le n o id ,
Ir=vJR (2 4 )
is th e  fe e d b a c k  cu rren t an d  R is  th e  to ta l r e s is ta n c e  in  
th e  fe e d b a c k  c ircu it. T h e  to ta l c lo s e d - lo o p  g a in  is th en  
fo u n d  fr o m  e q n s . ( 2 2 ) - ( 2 4 )  to  be
k = \  1ZPVo sin j^ o ^ l +  +  c ^ »2 +  B A7,J j
(2 5 )x  h<t>0(b +  2c)\ -
S ta n d a r d  fe e d b a c k  a n a ly s is  g iv e s  fo r  th e  d .c . r esp o n se  
1 Hnn/R( 1 +  1 / * ) '  0 
T h e  e ffe c tiv e  tim e  c o n s ta n t  is
T e f f  ~
1 +  k
(2 6 )
(2 7 )
w h e re  x is th e  lo c k -in  a m p lifier  tim e  c o n s ta n t .
A s  th e  lo o p  g a in  in crea ses, th e c lo s e d - lo o p  resp o n se  
a p p r o a c h e s  th e  lim itin g  form
1'L“ (n ) //°
- 140-
456
an d  th e  v o lta g e  a cro ss  th e  fe ed b a ck  r e s is to r  is 20
(2 8 )  ~
w h ere  Rr is th e  feed b a ck  resisto r  ( s e e  F ig . 3).
In  th is  lim it the s ig n a l is p r o p o r t io n a l to  th e  a p p lied  
fie ld , a n d  th e  c o n s ta n t o f  p r o p o r t io n a lity  d e p e n d s  o n ly  
o n  th e  s ta b ility  o f  th e feed b a ck  re s is to r  a n d  th e  feed b a ck  
s o le n o id . In p ractice  it is n o t  p o s s ib le  to  m a k e  th e  lo o p  
g a in  su ffic ien tly  large fo r  th e  term  \/k in  th e  d e n o m in a to r  
o f  eq n . (2 6 )  to  be c o m p le te ly  n e g le c te d , so  th e  te m p er a ­
tu re -d ep en d e n t fa c to rs  in  k s till h a v e  s o m e  in flu en ce  o n  
th e  m e a su r e d  sign a l. In  a d d it io n , lo c k -in  a m p lifier  n o ise  
c o n tr ib u te s  d irec tly  to  th e  fe e d b a c k  cu rren t, fu rth er  
d e g r a d in g  th e  p er fo rm a n ce .
2.4. R.f. phase feedback
T h e  p r in c ip a l so u rces  o f  tem p era tu re  d e p e n d e n c e  in th e  
m e a su r ed  s ig n a l are th e  p a ra m eter  rj a n d  th e  term  B AT 
in e q n . (2 5 ) .  V a r ia tio n s  in r] c a u se  p r o p o r t io n a l v a r ia tio n s  
in k, w h ic h  affect th e  resp o n se  g iv e n  b y  e q n . (2 6 ) .  
V a r ia tio n s  in  B AT c a u se  a p h a se  s h ift  in  th e  r.f. s ign a l  
at th e  r ec e iv in g  tran sd u cer , w h ich  a ls o  a ffec ts  k, a n d  h en ce  
th e  r e sp o n se . It is p o ss ib le  to  r em o v e  th is  so u r c e  o f  error  
by a s e c o n d  feed b a ck  sch em e, u s in g  th e  d .c . o u tp u t o f  the  
p h a se  d e te c to r  as th e  error s ig n a l. T h e  d .c . term  in the  
p h a se  d e te c to r  o u tp u t (e q n . (1 9 ) )  is g iv e n  b y
{ 4 -  +  Q  b +  c ) /» 2 +  B A T -J j (2 9 )t w  =  V ,  cos<
C o m p a r is o n  o f  eq n s. (2 1 )  a n d  (2 9 )  s h o w s  th a t th e sa m e  
q u a n tity  a p p ea r s  in th e r.f. p h a se  term , b u t th a t th ey  are  
in q u a d r a tu re . I f  th e  d .c . term  is m a in ta in e d  a t zero , th e  
fu n d a m e n ta l is m a x im ized  and is independent of B AT. 
T h is  c a n  be a ch ie v ed  by  u s in g  th e  d .c . o u tp u t  fro m  th e  
m ix er  to  c o n tr o l th e r.f. fr eq u en c y  w0, a s  sh o w n  in  F ig . 
3. T h e  p r o c ess  is a n a lo g o u s  to  th e  sch em e  e m p lo y e d  to  
k eep  fib re -o p tic  in ter fero m eters  a t q u a d r a tu re  [5 ]; th e  
im p le m e n ta tio n  is e a sier  in th is  c a se  b eca u se  th e fre ­
q u en cy  c a n  be read ily  c o n tr o lle d .
W h e n  p h a se  feed b a ck  is o p e r a tiv e , th e  s in e  fu n c tio n  in 
e q n s . ( 2 1 ) ,  (2 2 )  an d  (2 5 )  is m a in ta in e d  a t u n ity . A  fu rth er  
s im p lif ic a tio n  ca n  be m a d e  by  su b s t itu t in g  ex p e r im e n ta l  
v a lu e s  fo r  th e  p aram eters  b a n d  c in  e q n s . (8 )  a n d  (9 )  [7 ]; 
it tu rn s o u t  th at bt>c. C o m b in in g  th ese  resu lts  w ith  eq n s. 
( 1 2 )  a n d  (2 5 )  th u s g iv es  fo r  th e  lo o p  ga in
*  =  \ WoiPolPo)'l2bghpv20L0 ( ^
3 . P er fo rm a n ce  o f  th e system
(3 0 )
T h e  sp e c if ic a tio n  o f  th e  p e r fo r m a n c e  o f  lo w -fie ld  
m a g n e to m e te r s  is n o t a s tra ig h tfo rw a r d  m a tte r , b ecau se
10 -
f /wv'v'/yMvVV'''V^
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F i g .  4 .  R e s p o n s e  t o  a  s m a l l  f i e l d  s t e p  f o r  t w o  v a l u e s  o f  f e e d b a c k  
r e s i s t o r .  T h e  s i g n a l  b a n d w i d t h  w a s  4  H z .
th e  resu lts  d e p e n d  in a  c o m p lic a te d  w a y  o n  th e  ra n g e  
a n d  b a n d w id th . T h is  m a k es  it d if fic u lt to  c o m p a r e  th e  
p e r fo r m a n c e  o f  d ifferen t m a g n e to m e te r s . It is  p a r tic u ­
lar ly  d ifficu lt to  m e a su re  th e  b e h a v io u r  a t lo w  fr e q u e n ­
c ie s  ( <  1 H z ) [6 ] b eca u se  o f  th e  lo n g  tim e  n eed ed  to  
a c q u ir e  d a ta . A ls o  th e  e n v ir o n m e n t  in  w h ic h  th e  m e a ­
su r em en ts  a re  m a d e  m u st be m a g n e t ic a l ly  q u ie t . T h e  
u lt im a te  s e n s it iv ity  o f  a m a g n e to m e te r  is th e  sm a lle s t  
fie ld  c h a n g e  th a t c a n  be d e te c te d  u n d e r  sp e c if ied  c o n d i­
t io n s . T h is  c a n  e ith er  be ex p r essed  in  th e  tim e  d o m a in  
o r  th e  fr e q u e n c y  d o m a in ; it is d e s ir a b le  to  sp e c ify  
b o th .
F ig u r e  4  s h o w s  th e  t im e -d o m a in  r e sp o n se  o f  th e  
p resen t sy ste m  to  a  sm a ll fie ld  s te p , w h ic h  is  a  g o o d  
in d ic a tio n  o f  th e  o v era ll p e r fo r m a n c e . T w o  tr a c es  a re  
s h o w n , ta k en  w ith  d ifferen t v a lu e s  o f  th e  fe e d b a c k  
r es is ta n ce . In c re a s in g  th e  v a lu e  o f  Rr d e c r e a s e s  th e  e ffec t  
o f  lo c k - in  a m p lifie r  o u tp u t n o is e  b u t d e c r e a s e s  th e  lo o p  
g a in  ( s e e  e q n . (3 0 ) ) .  In o rd er  to  r e s to r e  th e  lo o p  g a in  to  
th e  o r ig in a l v a lu e , th e  lo c k -in  a m p lif ie r  g a in  m u st b e  
in c r e a se d , w h ic h  in cr ea se s  th e  e ffe c t  o f  n o is e  a t th e  
in p u t. T h e  im p ro v e m e n t in  th e  s ig n a l- t o -n o is e  ra tio  is  
a p p a re n t , b u t is le ss  th an  th e  r a tio  o f  th e  tw o  fe e d b a c k  
r e s is to r s , s h o w in g  th a t th e  lo c k - in  o u tp u t  a m p lifie r  
n o is e  is u n im p o r ta n t for  R{> 10 kQ .
F ig u r e  5 s h o w s  th e  e ffec t o f  th e  r .f . p h a se  fe e d b a c k  
o n  th e  te m p er a tu re  s ta b ility  o f  th e  s y s te m . D u r in g  th es e  
m e a s u r e m e n ts  th e  tem p era tu re  w a s  fa ll in g  s te a d ily  a t  
a b o u t  0 .0 4  K /m in . T h e  im p r o v e m e n t  in  te m p er a tu re  
s ta b ili ty  is q u ite  clear: a  r ed u c tio n  fr o m  38 to  8 .4  n T /K .  
F u rth e r  im p r o v e m e n t m ig h t b e  p o s s ib le  w ith  m o r e  c a r e ­
fu l d e s ig n  o f  th e  p h a se  fe e d b a c k . T h is  w ill m a k e  n o  
d iffe ren ce  to  th e  effec t o f  a n y  te m p e r a tu r e  d e p e n d e n c e  
o f  q, w h ic h  c a n  o n ly  be red u ced  b y  in c r e a s in g  th e  lo o p  
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F i g .  5 .  D r i f t  i n  t h e  m e a s u r e d  f i e l d  v a l u e  w i t h  t e m p e r a t u r e  w i t h  
( l o w e r  t r a c e )  a n d  w i t h o u t  ( u p p e r  t r a c e )  p h a s e  f e e d b a c k .
fu r th e r  im p r o v e m e n t  in  th e  p resen t sy ste m . E q u a tio n  
( 3 0 )  s h o w s  th e  e ffec t o f  th e  v a r io u s  p a ra m ete r s . A  
d e ta ile d  s tu d y  o f  th e  n o is e  c o n tr ib u t io n s  [7 ] s h o w s  th a t 
th e  m a in  l im ita t io n  is cu rren tly  in th e  a m o r p h o u s  r ib ­
b o n . W h a t  is req u ired  is a  large  v a lu e  o f  th e  m o d u lu s  
p a r a m e te r  K. In th e p resen t m o d e l th is  is e q u iv a len t to  
a la rg e  v a lu e  o f  b in eq n . (9 ) .  T h is  m u st b e  m a in ta in e d  
at h ig h  fr e q u e n c ie s , w ith o u t  an  u n a c c e p ta b le  d ecrea se  
in  th e  tr a n s m is s io n  rj [9 ]. A n  a d d it io n a l c o m p lic a t io n  is 
th a t th e  q u a d r a tic  fo rm  a ssu m ed  fo r  th e  m o d u lu s  a s  a 
fu n c t io n  o f  a p p lie d  fie ld  is o v e r  s im p lified . T h e  real 
r e s p o n s e  is  m u ch  m o r e  c o m p lic a te d , r e su lt in g  in  q u ite  
s u b tle  e f fe c ts  o f  th e  m o d u la t io n  a m p litu d e  h. A tte m p ts  
to  im p r o v e  K b y  m a g n et ic - fie ld  a n n e a lin g  h a v e  so  far  
b e e n  u n su c c e ss fu l,  p a rtly  for  th is  r ea so n  b u t a lso  b e ­
c a u s e  o f  th e  in c re a se d  stress  se n s it iv ity  o f  th e  a n n ea le d  
r ib b o n s . A lte r n a t iv e  m e th o d s  are  c u rre n tly  u n d er  in v e s ­
t ig a t io n .
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F i g .  6 .  F r e q u e n c y  s p e c t r u m  o f  t h e  f i e l d  n o i s e  (Rf =  2 2  k f J ) .
F ig u r e  6  is a n o ise  sp ectru m  o v e r  th e  ran ge  o f  
fr e q u e n c ie s  m o st  u se fu l for  g en era l lo w -f ie ld  a p p lic a ­
t io n s .  T h is  w a s ta k en  w ith  th e  p h a se  fee d b a c k  in o p e r a ­
t io n  to  im p ro v e  lo w -fre q u en cy  n o ise .
4 .  F u tu re  develop m en ts
T h e  p er fo rm a n ce  in d ica ted  by th e  resu lts  sh o w n  in 
F ig s . 4 - 6  d o e s  n o t c o m e  up to  th e  b est resu lts  sh o w n  
b y  s o m e  recen t sy stem s (8). H o w e v e r , th ere  is sc o p e  for
A ck n o w le d g e m e n ts
T h is  w o r k  h a s  b een  su p p o r te d  b y  th e  B ritish  T e c h ­
n o lo g y  G r o u p , T h o m  E M I C en tra l R e se a r c h  L a b o r a to ­
ries a n d  th e  S c ie n c e  a n d  E n g in ee r in g  R e se a r c h  C o u n c il.
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